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Abstract 
Abstract 
Neural crest cells (NCCs) are a group of multipotent embryonic cells 
originated from the developing neural tube and are capable of migrating to different 
regions of the embryo to form a variety of derivatives. Sacral neural crest cells in the 
avian have been shown to be able to give rise to neurons and glia of the enteric 
nervous system in the hindgut. By using quail-chick chimera, the complete migratory 
pathway of sacral NCCs from their origin (i.e. neural tube) to final locations in the 
hindgut has been mapped out. However, in mammals, the information on sacral 
NCCs is still scarce. In the present study, to determine the spatio-temporal migratory 
pattern of sacral NCCs from the dorsal neural tube to the hindgut in normal mouse 
embryos, a combination of techniques including in situ labelling using wheat germ 
agglutinin gold conjugates (WGA-Au), Dil and CMFDA as cell markers, whole 
embryo culture, immunohistochemical staining using a specific antibody to the 
neurotrophin receptor p75 and gut organ culture was used. It was found that sacral 
NCCs at the axial levels caudal to the 24出 somite (post-umbilical level) migrated 
along two pathways at embryonic (E) days 10.5: a medial pathway extending from 
the dorsal neural tube to the mesenchyme between the somite and the neural tube and 
/ 
a dorsolateral pathway in the narrow mesenchymal region between the surface 
ectoderm and the somite. Many sacral NCCs along the medial pathway resided in the 
region of dorsal root ganglia on two sides of the neural tube, while some continued to 
migrate ventrally to reach the mesenchymal region around the dorsal aorta at El0.5. 
-1 -
Abstract 
Subsequently, sacral NCCs stayed in the pelvic mesenchyme for about 3-4 days and 
then some of them entered the hindgut at around E14.5 by migrating through the 
serosa. Further migration of sacral NCCs in the hindgut enabled them to firstly reach 
the region of the myenteric plexus prior to populating the submucosal layer. The 
presence of vagal NCCs in the hindgut did not seem to affect the timing of entry of 
sacral NCCs to the hindgut. Immunohistochemical staining coupled with cell 
labelling demonstrated that p75 was a good cell marker for sacral NCCs at the early 
migratory stage. In addition, results obtained from tracing experiments also indicated 
that whole embryo culture combined with organ gut culture could be a direct method 
to trace the migration of the sacral NCCs over a long distance. 
In conclusion, the present study has successfully mapped out the migratory 
pathways of sacral neural crest cells from the neural tube to the hindgut in mouse 
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During early development, the neural tube is formed on the dorsal side of 
the embryo. The anterior end of this tubular structure later expands to form the brain 
while the remaining part of the neural tube in the trunk region forms the spinal cord. 
In early organogenesis, cells of the dorsal part of the neural tube are able to migrate 
out of the neural tube to go into the underlying mesenchyme and then translocate to 
different locations of the embryo. Depending on the locations, these cells can 
differentiate into different adult derivatives. These cells arising from the dorsal part 
of the neural tube are named neural crest cells, which are also the major focus of the 
present study. 
Neural crest cells are derived along almost the whole length of the neural 
tube. According to the axial level of the origin, neural crest cells can be grouped into 
cranial, vagal, trunk and sacral neural crest cells, and sacral neural crest cells are 
suggested to be one of the sources of neurons and glial progenitor cells in the enteric 
nervous system. The focus of the present study is further narrowed down to the sacral 
neural crest cells, which give rise to part of the enteric nervous system. In the 
4-
following introduction, the second part concentrates on the introduction of neural 
crest cells in general, and the third part introduces the relationship between neural 
crest cells and the enteric nervous system. The fourth part of this general introduction 
then focuses more on the sacral neural crest cells, which are the major subject of the 
ZT'-
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present study. The information on signalling mechanisms of sacral neural crest cells 
during migration is summarized in the fifth part and the sixth part talks about 
diseases arisen from defects or abnormal development of sacral neural crest cell 
migration. The last part states the objective of the present study and summarizes the 
contents of following chapters. 
1.2 Neural Crest Cells (NCCs) 
The neural crest (NC) is a multipotent tissue that is situated between the 
neural epithelium and the non-neural ectoderm. Neural crest cells (NCCs) are a 
group of embryonic multipotent cells, which originate in the ectoderm and migrate 
out from the dorsal part of the neural tube along defined pathways to different 
locations of the embryo (Le Douarin and Teillet, 1973; Yntema and Hammond, 
1954). According to the axial level at which the cells are located and the origin of 
migration from the neural tube, NCCs are divided into cranial, vagal, trunk and 
sacral NCCs. Cranial NCCs arise from the region of the neural tube at the level 
anterior to the first somite, while vagal NCCs arise from the neural tube adjacent to 
the first to seventh somite (i.e. somite level 1 to 7) (Fig. 1.1). Trunk NCC originate 
from the somite level 8 to 27 in chicks and 8 to 23 in mice and the sacral region is 
caudual to the trunk region (Fig. 1.1) (Lallier et al., 1992; Le Douarin and Teillet, 
1973，1974; Pomeranz and Gershon, 1990; Pomeranz et al., 1991; Serbedzija et al, 
1991). NCCs migration can be divided into three stages: 1) emigration from the 
neural tube; 2) migration along defined pathways; and 3) cessation of migration 
l y : "““― 
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(Elenda de Bellard and Bronner-Fraser, 2005). At the onset of migration, NCCs lose 
their epithelial nature within the neural tube and transform into a migratory, 
mesenchymal cell type. They then migrate along different pathways to reach 
different part of the embryo before they undergo differentiation. Many studies have 
been done on the NCCs in Xenopus (Collazo et al., 1993; Borchers et al., 2000), 
zebrafish (Raible and Eisen, 1994; Schilling and Kimmel, 1994; Jesuthasan, 1997), 
chick (Serbedzija et al., 1989; Lumsden et al., 1991; Newgreen et al., 1996; Bums 
and Le Douarin, 1998, 2001; Bums et al., 2000，2002), rat (Erickson et al” 1989; 
Fukiishi and Morriss-Kay, 1992) and mouse (Chan and Tarn, 1988; Kapur et al., 
1992; Kapur, 2000; Serbedzija et al., 1990，1991，1992; Young, 1998). Most of the 
findings on the pathways of NCCs migration are obtained from the chick because of 
the feasibility of microsurgical manipulations in avian embryos, the availabilities of 
NCCs specific markers, cell marking techniques, cell culture and transgenesis by 
electroporation and retrovirally mediate gene transfer. NCCs arrive at different 
embryonic structures and give rise not only to components of the nervous system, 
including the enteric nervous system (ENS) which is functionally independent from 
the central nervous system (Gershon et al., 1994), but also to the derivative in the 
heart, adrenal cells, head bones, teeth, muscle cells, sensory organs, melanocytes, and 
other cell types (Kalcheim and Le Douarin, 1999). A major unresolved question is 
when and how the fate of NCCs is decided. There is widespread evidence for 
multipotential NCCs, whose fates are decided during or after migration (Le Douarin 
and Kalcheim, 1999; Dorsky et al, 2000). There is also some evidence that NCCs are 
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already divided into subpopulations of discrete precursors within the neural tube 
before they start their migration (Le Douarin and Kalcheim, 1999; Bronner-Fraser 
and Eraser, 1989; Bronner-Fraser and Fraser, 1988; Collazo et al.’ 1993; Frank and 
Sanes, 1991; Serbedzija et al., 1994; Wilson et aL, 2004). Little is known about the 
underlying mechanism directing this process. It still remains unknown why NCCs 
target to form particular derivatives (neurons, heart muscle and glia) in different 
body regions (peripheral nerves, heart, skin, head and gut). 
1,3 Enteric Nervous System (ENS) and Vagal Neural Crest Cells (Vagal NCCs) 
The enteric nervous system (ENS) is one of the neural structures that are 
derived from NCCs. The ENS is organised into two ganglionated plexuses, the 
inner submucosal plexus, which extends continuously from the esophagus to the anus 
and outer myenteric plexus, which is located between the longitudinal and the 
circular muscle coats (Fumess and Costa, 1987) (Fig. 1.2). This complex network is 
formed from NCCs that originate in the vagal and sacral regions of the neural tube, 
migrate to the developing gut, proliferate, and differentiate into neurons and glia 
(Yntema and Hammond, 1954, 1955; Andrew, 1971; Le Douarin, 1982; Rothman 
and Gershon, 1982; Epperlein et al. 1990). NCCs that migrate from these two 
regions are named vagal neural crest cells (vagal NCCs) and sacral neural crest cells 
(sacral NCCs). In birds, the colonization of the gut by migrating NCCs has been 
studied by using chick-quail chimeras (Le Douarin and Teillet, 1973) in which 
genetic marker is passed from one cell generation to the next (Bums et al., 1998), or 
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using specific monoclonal antibodies, HNK-1 and NC-1 (Tucker et al, 1986; 
Pomeranz and Gersgon, 1990; Epstein et al.，1991; Newgreen et al.’ 1996). The 
colonization of the mouse gut by enteric neuron precursors has also been studied 
using D^H-nlacZ transgenic mice (Kapur et al.’ 1992) and by expression of c-ret 
(Pachnis et al., 1993)，Phox2b (Pattyn et al.’ 1997; Young et al.’ 1998) and p75 (Lo 
and Anderson, 1995). In both birds and mammals the vagal NCCs originate from the 
axial level extending rostrocaudally from the first to seventh somite (i.e. somite level 
1 to 7) (Yntema and Hammond, 1954, 1955). Subsequent experiments on ablation 
(Peters-van der Sanden et aL, 1993) and cell labelling with a retroviral marker 
(Epstein et al., 1994) suggested that vagal NCCs arisen between somite level 3 to 6 
are the most essential for ENS development in avian species. However, in mice, 
major populations of enteric neurons have been found to be generated from vagal 
NCCs at the somite level 1 to 5, which also contribute to the sympathetic chain (the 
sympathoenteric lineage), while the sympathoadrenal lineage (i.e. vagal NCCs 
between somite level 6 to 7) gives rise to the progenies that colonize primarily the 
enteric ganglia of the esophagus and stomach (Durbec et al” 1996; Taraviras and 
Pachnis, 1999). Vagal NCCs migrate along two pathways: the dorsolateral pathway 
underneath the ectoderm and dorsal to the somite, and the ventral pathway within the 
anterior part of the sclerotome of each somite, locating between the somite and the 
neural tube (Yntema and Hammond, 1954; Le Douarin and Teillet, 1973; Epstein et 
al., 1994; Bums et al, 2000). Cells in ventral pathway first accumulate within the 
caudal branchial arches, as previously shown by Noden (1975), Ciment and Weston 
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(1983)，Payette et al (1984) and Tucker et al. (1986) and then migrate further 
ventrally to enter the pharyngeal gut. In birds, on entering the gut on Embryonic day 
3 (E3) of development, vagal NCCs migrate in a caudal direction along the gut 
mesenchyme, and reach the umbilicus by E5, the ceca by E6.5 and the 
cecal-colorectal junction by E7. The colorectum is colonized between E7.5 and 10 
(Bums and Le Douarin, 1998). This temporal sequence of rostrocaudal progression 
of vagal NCCs has been observed by Tucker et al (1986) and Epstein et al (1991) 
using the neural-crest-specific antibodies NC-1 and HNK-1, respectively, and 
Fairman (1995) using the neuron-specific antibody ANNA-1. In the colorectum of 
chick embryos, vagal NCCs primarily colonize the submucosal region, which is 
internal to the circular muscle on E7.0-8.5, and from there they subsequently migrate 
through the muscle layer, adjacent to blood vessels, to colonise the myenteric plexus 
region 1-2 days later (Bums and Le Douarin, 1998). In the mouse, the colonization of 
the gut by enteric precursors has been studied by using D阳-nlacZ transgenic mice 
(Kapur et al, 1992) and by the expression of c-ret (Pachnis et al., 1993). The 
DjSH-nlacZ transgene is expressed by a subpopulation of enteric neurons (Kapur et 
al,, 1991). Using whole mount preparations of the E9.5-13.0 mouse gut, Kapur (1992) 
demonstrated that there was a unidirectional, rostrocaudal wave of expression of the 
transgene (DjSH) during development, and the expression was inferred to represent 
the colonization of the gut by vagal NCCs. Expression of D阳-nlacZ transgene in 
mouse embryos was first detected in the proximal foregut on E9.5, and progressed 
distally until E13.5 when the entire length of the gut was colonized by these 
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D阳-nlacZ positive cells, which were thought derived from vagal NCCs. The 
expression of c-ret, which encodes components of the receptor complex for glial 
cell-derived neurotrophic factor (GNDF; Jing et al., 1996; Treanor et al” 1996) and 
is critical for the development of the enteric nervous system (Schuchardt et al, 1994; 
Moore et al, 1996; Pichel et al., 1996)，also shows a rostrocaudal progression during 
mouse embryonic development (Pachnis et aL, 1993; Kapur et al.’ 1992). 
1.4 Sacral Neural Crest Cells (Sacral NCCs) 
Besides the vagal neural crest (vagal NC), another possible source of enteric 
neural precursors, is the sacral neural crest (sacral NC), which is situated in the 
region of the neural tube caudal to the somite in the chick and the somite in 
the mouse. Sacral NCCs contribute to the ENS mainly in the region of the hindgut 
(Bums et al., 2000; Bums and Le Douarin, 1998; Le Douarin and Teillet, 1973, 1974; 
Pomeranz and Gershon, 1990; Pomeranz et al., 1991; Serbedzija et al., 1991). Over 
the past years, numerous studies have been done on the sacral NCCs. However, in all 
of these studies, due to various technical difficulties, the phenotypes of sacral 
NC-derived cells within the gut were not determined, casting doubt on the 
interpretation of the results on the contribution of sacral NCCs to the ENS. Previous 
authots have argued that the sacral NC does not contribute cells to the ENS. This 
proposal was based on studies that failed to demonstrate an additional contribution 
from the sacral NC to the ENS when the primary rostrocaudal migration of vagal 
NCCs along the gut was prevented or interrupted. For example, when the bowel was 
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either severed in vivo to halt the rostrocaudal migration of vagal NCCs to the hindgut 
(Meijers et al., 1989)，or removed and cultured in vitro prior to the arrival of vagal 
NCCs to the hindgut (Allan and Newgreen, 1980), a contribution from the sacral NC 
to the hindgut was not observed. In some other reports (Serbedzija et al., 1991; Bums 
and Le Douarin, 1998), however, it has also been proposed that sacral NCCs do 
colonize the gut, but the timing of sacral crest colonization of the gut in avian and 
murine embryos is still unresolved. It was observed that Dil or LZIO labelled sacral 
NCCs entered the hindgut of chick on E4 or murine embryos on E9 before vagal 
NCCs reached the hindgut mesenchyme (Pomeranz and Gershon, 1990; Pomeranz et 
aL， 1991; Serbedzija et al., 1991). These data were supported by 
immunohistochemical studies using putative neural crest-specific antibodies 
(Erickson and Coins, 2000; Pomeranz and Gershon, 1990; Wu et al., 2000) and 
organotypic cultures of E9 murine hindgut in which neural progenitors were 
demonstrated (Rothman and Gershon, 1982). In contrast, numerous other studies of 
avian and murine hindgut using a variety of crest-specific immunohistochemical 
markers and tissue explantation system failed to identify neural progenitors in the 
hindgut until vagal NCCs reach the terminal end (caudal end) of the hindgut, 
meaning that sacral NCCs enter the hindgut only after vagal NCCs have completed 
their rostrocaudal migration (Allan and Newgreen, 1980; Kapur et al” 1992; Meijers 
et aL, 1992; Newgreen et aL, 1980，1996; Nishijima et aL, 1990; Smith et al” 1997; 
Young et aL, 1998; Bums and Le Douarin 1998; Fairman et al., 1995; Payette et al” 
1984). It has not yet been resolved the discrepancy between the findings of Bums 
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and Le Douarin (1998)，which showed that sacral NCCs colonized the hindgut after 
the vagal NCCs arrived, and the Dil/retroviral labelling evidence for early 
colonization (Serbedzija et al., 1991)，although Erickson and Coins (2000) tried to 
explain the difference by suggesting that they were looking at different regions of the 
hindgut (proximal versus distal parts of the hindgut) where NCCs may have different 
rates of colonization. The rates of migration in different parts of the hindgut were 
however not adequately evaluated in these previous studies. 
In avians, the colonization of the gut by migrating sacral NCC has been 
studied using chick-quail chimeras (Le Douarin and Teillet, 1973) and the 
monoclonal antibodies, HNK-1, NC-1 and Hu (Tucher et al.’ 1986; Pomeranz and 
Gershon, 1990; Epstein et al, 1991; Newgreen et al, 1996; Tonchev et al.’ 2003). Le 
Douarin and Teillet (1973) grafted quail sacral NCCs into isotopic portions of chick 
embryos on E2.5 and showed that the sacral NCCs colonized the hindgut 
mesenchyme, but only after vagal crest cells arrived (E7.5). They suggested that 
some of the quail sacral NCCs were destined to form enteric neurons, which was 
demonstrated conclusively 25 years later by Bums and Le Douarin (1998) who were 
the first to label sacral NCCs within the hindgut and confirmed their enteric 
phenotypes using neuronal and glia markers following quail-chick transplantation. 
Bums et al. (1998) found Hu-(a marker for early differentiating 
neurons)immunoreactive cells in the nerve of Remak several days before the 
migration of these cells into the hindgut, an observation that has also been made by 
others (Pomeranz and Gershon, 1990; Fairman et al, 1995). Terminal differentiation 
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to a neuronal phenotype is thought to preclude further migration of those cells in the 
gut, as suggested by Gershon (1999). Hu-immunoreactive cells, therefore, may 
represent neuronal progenitors, rather than mature neurons (Tonchev et al； 2003). 
Bums et al (1998) demonstrate that sacral NCCs accumulate in the dorsal wall of the 
developing hindgut and form the rudiment of the nerve of Remak from E4 before 
they enter the hindgut. The nerve of Remak, which is unique to avian extending 
along the length of the post-umbilical intestine, is a prominent feature for sacral crest 
contribution to hindgut neurons. In addition to innervating the gut, the nerve of 
Remak acts as a waiting area outside the hindgut from which sacral crest-derived 
enteric ganglion cell precursors wait for several days before they enter the hindgut 
mesenchyme. The most analogous structures in mammalian embryos are paired 
pelvic autonomic ganglia that reside in the mesenchyme adjacent to the hindgut. Like 
the nerve of Remak, mammalian pelvic ganglia are formed from the sacral NCCs 
(Serbedzija et al., 1991) and innervate the hindgut (Luckensmeyer and Keast, 1995). 
In avians, sacral NCCs then migrate along the axis of the gut in a caudo-rostral 
direction reaching their most anterior level, which is the opening of the bile and 
pancreatic ducts by E6. Although sacral NCCs associated with Remak-derived fibre 
tracts penetrate the wall of the colorectum from E7, it is not until ElO that 
sacral-derived cells become apparent within the hindgut in relatively large numbers. 
The reason why the sacral NCCs in chicks have to wait for 3 days before entering the 
hindgut is not very clear. A study has shown that the mesenchyme of the colorectum 
of chick embryos expresses collapsin-1, a secreted glycoprotein in the semaphorin 
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family (Shepherd and Raper, 1999). Other studies showed that the collapsin-1 acts as 
an axon repellent and neural crest guidance cue (Behar et al” 1996; Taniguchi et aL, 
1997; Eickholt et aL, 1999). Hence, it is possible that the expression of collapsin-1, 
either directly or indirectly, regulates the time of entry of sacral NCCs into the 
hindgut. 
In chicks, it has been shown that sacral NCCs give rise to 17% (myenteric) 
and 1.3% (submucosal) of neurons in the distal hindgut and are also found to be 
immunopositive for the gial-specific marker GFAP (Bums and Le Douarin, 1998). 
The sacral NC-derived cells were less numerous in the mid- and rostral colorectum, 
and sparse in the cecal region and other regions of the post-umbilical intestine where 
they formed less than 1% of neurons. Sacral-derived cells were not observed in the 
pre-umbilical gut (Bums et al. 2000). At all stages examined, the vast majority of 
cells in the nerve of Remak were found Hu-positive, which has been proved to be 
sacral NC-derived cells (Bums and Le Douarin, 1998). While the nerve of Remak 
contributes to both neurons and glial cells (Young and Newgreen, 2001), the relative 
contribution to each in the hindgut is unknown. 
It is now generally accepted that in chicks, sacral NCCs give rise to ENS in 
the hindgut. It is also reported that sacral NCCs arrive at the submucosal plexus in 
the hin'dgut before the myenteric plexus (Bums and Le Douarin, 1998; Connor et al., 
2003; Doyle et al 2000). However, a consensus has yet to be reached regarding the 
timing of neuronal differentiation. Bums and Le Douarin (1998) showed in the 
quail-chick chimera that the sacral NCCs arrive at the submucosal plexus of the 
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hindgut 24 hours before the myenteric plexus, but the myenteric cells are the first to 
undergo neuronal differentiation as documented with an anti-neurofilament antibody. 
In contrast, Conner et al. (2003) and Doyle et al. (2004) used Hu immunoreactivity 
to show that the submucosal plexus of the hindgut differentiates 12-24 hour earlier 
than the differentiation in the myenteric layer. The difference may lie in the antibody 
used, or an effect resulting from the creation of quail-chick chimeras. 
In recent fifteen years, the colonization of the mammalian gut by the sacral 
NCCs has been examined in many studies. Previously, cell labelling and whole 
embryo culture were used as traditional methods to trace the migration of cranial, 
vagal and trunk NCCs (Serbedzija et al., 1990，1991, 1992; Trainor and Tarn, 1995; 
Fukiishi and Morriss-Kay, 1992; Chan and Tarn, 1988). However, the migration of 
sacral NCCs in rodents has not been extensively studied. In the rat, the early 
migration of sacral NCCs has been examined by Serbedzija et al. (1991) using cell 
labelling and whole embryo culture, but their results have not been confirmed by 
other groups. The difficulties associated with studies of mammalian NCCs include 
the non-accessibility of the intra-uterine embryos for manipulations and visualization, 
the limitations of in vitro culture and the lack of specific cell markers for NCCs. 
Mammalian embryos are developed inside the uterus, making direct visualization and 
experimental manipulations on embryos difficult. When the embryos are explanted, 
the best in vitro culture system available today for whole embryo culture can only 
support the normal development of the rat or mouse embryos for 2-3 days. 
Furthermore, specific markers, either exogenous or genetic, are not available for 
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marking migrating NCCs from their origin to their destinations. Therefore studies of 
mammalian NCCs have been much impeded by these limiting factors. The HNK-1 
appears to recognize only a small subpopulation of migrating crest cells in the 
developing intestine of rats and has not been used successfully in mice although it is 
a good marker for NCCs in chicks. In other studies, c-ret’ p75 and Phox2b are used 
to label sacral NCCs. Within the developing ENS, c-ret is expressed by cells with 
multi-potential (Lo and Anderson, 1995), consistent with it being a neural stem cell 
marker, but it is unknown whether c-ret is expressed by all enteric neuron precursors. 
p75 is the low affinity nerve growth factor receptor and like ret，has been reported to 
be expressed by migrating NCCs in the gut of mouse embryos. Studies in mouse 
embryos using these markers for neurons or neuronal precursors have demonstrated a 
single rostrocaudal colonization of the gut (Young et al., 1998). The homeodomain 
transcription factor, Phox2b, is expressed in many parts of the peripheral autonomic 
nervous system, including the ENS (Tiveron et al., 1996; Morin et al” 1997; Pattyn 
et al” 1997). Phox2b is also expressed by migrating enteric neuron precursors 
(Pattyn et al., 1997). In the mouse, it has been reported that no c-ret, p75 or Phox2b 
positive cells are found in the hindgut before E14.0, which is the time of the arrival 
of vagal NCCs to the hindgut (Young et al., 1998). This seems to suggest that before 
the .arrival of the vagal NCCs to the hindgut, no c-ret, p75 or Phox2b expressing 
NCCs from other sources are located in the hindgut. It is therefore possible that 
sacral NCCs either fail to enter the hindgut before the arrival of the vagal NCCs at 
El4.0 or do not express these markers until 3-4 days later. 
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Besides using these cell markers, the migration of the sacral NCC has also 
been studied with D阳-nlacZ transgenic mice (Kapur et al, 1992). Since D^H is 
only expressed by a subpopulation of enteric neurons (Kapur et al.，1992), it is 
possible that not all the enteric neuron precursors at the sacral level express this gene. 
Kapur (2000) used Wntl-lacZ transgene {Wntl-lacZ is a marker to label murine 
neural crest cells at early stages, Echelard et al” 1994) and D^H-nlacZ transgenic 
mouse embryo to find out that sacral NCCs do not enter the hindgut before El4，the 
time of the colonization of the hindgut by vagal NCCs. The study using culture of 
embryonic gut segments together with pelvic mesenchyme from non-transgenic 
embryos and transgenic embryos that carry the neural markers D阳-nlacZ (Kapur et 
al” 2000) demonstrated that the pelvic mesenchyme contains neural progenitors that 
are capable of colonizing the hindgut and forming ganglia. The pelvic mesenchyme 
may function as a waiting site for colonization of the gut by sacral NCCs after El 3.5. 
Kapur (2000) suggested that the role of pelvic autonomic ganglia in sacral crest 
colonization of the hindgut is analogous to that of the nerve of Remak in avian 
embryos and that sacral NCCs do not enter the hindgut before vagal NCCs arrive. 
However there is no exact evidence to prove that all the sacral NCCs express D^H 
gene in mouse embryos. 
： In Kapur's experiment (2000) and many other studies (Nishijima et al., 1990; 
Gabriel et al., 1992; Young et al., 1996), the embryonic gut segments with pelvic 
mesenchyme were put under the kidney capsule, which has been demonstrated to be 
a suitable site to support the normal development of the gut. However, under the 
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kidney capsule, the topographic structures of the gut were destroyed, and 
observations and experimental manipulations could not be made directly on the 
explants at different time points of the development. Thus, organ culture was 
developed for the studies of gut development, and gut organ culture has been used in 
the studies of vagal NCC development (Young et al., 1998, 2004). Gut organ culture 
allows maintenance of the 3-dimensional relationship of various structures with the 
gut so that in the study of migration, NCCs can still encounter the same original 
cellular environment as in vivo. By making use of the gut organ culture, one can also 
easily keep various parameters such as temperature, pH, culture medium, etc under 
control so as to study one or two variables which may affect the development of the 
gut. Furthermore, experimental manipulations such as cell labelling and ablation can 
be carried out at different time points during culture, and the cellular movement or 
migration of NCCs in relation with the surrounding tissues can also be easily 
observed without dissociating the explants. 
In chicks and mice, many studies have been carried out to examine the 
interactions between vagal and sacral NCCs in the gut. Studies on chick embryos 
have shown that sacral NCCs enter the hindgut only after the colonization of gut by 
vagal NCCs (Bums and Le Douarin, 1998). A big source of confusion has been the 
results of vagal crest-ablation studies in avian embryos, initially performed by 
Yntema and Hammond (1954) and later refined by others (Peters-van der Sanden et 
al•’ 1993). Each series demonstrated total aganglionosis of the hindgut and led to the 
conclusion that either sacral crest cells did not form intramural enteric neurons or 
ZJf： 
Chapter 1 General introduction 
their formation of neurons was dependent on vagal crest cocolonization. A similar 
result and interpretation were followed by the experimental transection of the avian 
midgut to interrupt vagal crest colonization of the hindgut (Meijers et al., 1989). 
These findings suggest that in order to colonize the hindgut, sacral NCCs may 
require an interaction with vagal NCCs, or with factors or signaling molecules 
produced by them. However, Bums et al, (2000) found that sacral NCCs colonize the 
hindgut independently of vagal NCCs and do not compensate the lack of the vagal 
NCC. This was confirmed in the chick by using hindgut/NC coculture experiments 
(Heam and Newgreen, 2000), and in the mouse using Wntl-lacZ transgene 
expression as a marker to label murine NCC at early stages (Kapur, 2000). Together, 
these data demonstrated that the lack of vagal NCCs did not affect the invading of 
the hindgut by sacral NCCs. Further studies showed that vagal NCCs, when 
transplanted to the sacral region of the neuraxis, immediately colonized the gut 
mesenchyme in large numbers, migrated in a caudorostral direction, differentiated 
into neuronal phenotypes, and formed enteric plexuses. It seems that sacral and vagal 
NCC have different invasive capacities to the gut (Bums et al 2002). 
Although studies have suggested that the sacral NCCs contribute to the ENS 
in the hindgut, the distribution of NC-derived cells along the length of the hindgut 
has .been shown to be different in different regions. The cloaca, the distal part of the 
avian gastrointestinal tract, acts as a collecting chamber into which the 
gastrointestinal, urinary, and genital tracts discharge. A recent study by Doyle et al. 
(2004) described the unique patterning of the enteric nervous system in the cloaca 
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compared with the remainder of the hindgut in the chick. Specifically, the myenteric 
plexus of the cloaca was poorly organized, comprising multiple layers of variably 
sized ganglia and a flattened nerve of Remak. They suggested that whatever 
molecular factors are responsible for patterning the enteric nervous system in the 
cloaca, they are likely to differ from those functioning in the remainder of the gut 
where both plexuses are evident as two concentric rings of ganglia. 
/•5 Signalling Mechanisms of Sacral Neural Crest Cells 
It is clear from the information obtained from vagal and sacral grafts that the 
gut is colonized in a very complex manner involving intricate cell movements along 
precise pathways. The signalling mechanisms that guide different populations of 
NCCs in different directions are not yet understood and are currently being 
investigated. However, it is known that when transplanted into the sacral NC, vagal 
NCCs migrated into the hindgut in much larger numbers, and at earlier stages of 
development than sacral cells (Bums et al, 2002). This suggests that the signalling 
differences involved in guiding vagal and sacral NCCs within the gut are primarily 
cell autonomous, since these two cell populations behave differently while migrating 
along the same pathways into the gut. On the other hand, considerable evidence has 
been accumulated suggesting that it is the microenveiroment encountered along the 
pathways leading to the target regions that determines the fate of migrating NCCs 
(Le Douarin and Dulac, 1992; Le Douarin and Kalcheim, 1998). In addition to the 
information concerning the spatiotemporal pathways that NCCs follow, the recent 
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understanding of the signalling mechanisms involved in the guidance of enteric 
precursors to and within the gut has rapidly progressed. Major defects in the ENS 
have been documented following the inactivation or overexpression of murine genes 
not previously known to affect the gut. Such genes encode the components of the 
RET/GFRal/GDNF, ECE-l/endothelin-3/endothelin-B and RET/GFRa2/neurturin 
signalling pathways. Among these signalling molecules the most important one is 
GDNF and its functional receptor RET (Pachnis et al., 1998; Taraviras and Pachnis, 
1999)，which is expressed in sacral crest-derived cells that comprise the nerve of 
Remak and within a subpopulation of sacral NCCs within hindgut enteric ganglia of 
chick embryos (Bums et al. 2002). In mouse embryos, GDNF is expressed by the 
mesenchymal cells of the gut wall which may be important for driving NCC 
migration along the gut, in preventing them from straying into the mesentery and 
other tissues (Young et al., 2001). Other genes encoding the signalling molecular 
pathways include homeobox gene Hoxa4 and homeobox-related geneHoxIlU’ the 
transcription factors Sox 10 and Phox2b (Pmx2b - Mouse Genome Informatics) and 
the proneural gene Mashl {Ascll - Mouse Genome Informatics) (Cacalano et al.， 
1998; Enomoto et al” 1998; Gershon, 1998; Gershon, 1999; Manie et al., 2001; 
Pattyn et al” 1999; Taraviras and Pachnis, 1999; Tennyson etal., 1998). Knockout of 
either of these genes causes a total loss of enteric neurons and glia within the gut 
caudal to the esophagus and cardic stomach (Schuchardt et al.’ 1994; Durbec et al” 
1996; Pichel et al., 1996; Sanchez et al., 1996). In the mice, where some of these 
genes have been knocked out, a wide spectrum of enteric phenotypes can arise 
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depending on the specific genes involved. Such phenotypes range from a complete 
absence of ENS cells along the entire gastrointestinal tract {SoxlCr'~), to varying 
degrees of regional deficiencies where segments of the gut are aganglionic {Mashl''' 
and knockout of genes within the RET/GFRal/GDNF and ECE-1/EDN3/EDNRB 
signalling pathways). Less obvious phenotypes include those where only specific 
neuronal subpopulations are affected (neurturin-null and Gfm2~'~), and others where 
the numbers of neurons is actually increased within enteric ganglia {Hoxllir'~) 
(Young and Newgreen, 2001). 
Many of the genes shown to affect ENS development in mice have also been 
implicated in humans with ENS disorders. For example, aganglionic megacolon or 
Hirschsprung's disease (HSCR), is characterised by the regional absence of enteric 
ganglion cells within the rectum and in a variable length of the colon (Kapur, 1999; 
Robertson et al., 1997; Wartiovaara et al., 1998). Susceptibility genes, including RET, 
GDNF, EDN3 and EDNRB have been documented in individuals with HSCR, but the 
condition is genetically complex, with multiple modes of inheritance, incomplete 
penetrance and variable expressivity known to exist (Kapur, 1999; Wartiovaara et al” 
1998). As a result, the length of aganglionic bowel can vary, with short or long 
segment, or even total gut aganglionosis (Nemeth et aL, 2001; Shimotake et al” 
/ 
2001). 
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1.6 Hirschsprung's Disease (HSCR) 
Proper migration and patterning of NCCs are essential for developing a 
functional gastrointestinal tract. The hindgut is the region most frequently affected in 
developmental disorders such as aganglionic megacolon in animals and 
Hirschsprung's disease (HSCR) in human (Rothman and Gershon, 1984; Hosoda et 
al., 1994; Gariepy et al., 1996; Robertson et al., 1997; Wartiovaara et al” 1998; 
Young et al., 1998; Gershon, 1999). HSCR is thought to represent a failure of ENS 
development, resulting in variable lengths of distal aganglionosis leading to profound 
intestinal obstruction. The disease occurs with an incidence of 1 in 5,000 live births 
and with a male to female ratio of 4 to 1 (Badner et al” 1990). The aganglionic 
region usually begins at the internal anal sphincter and extending proximally for 
varying lengths (Martucciello et al, 2000). 75% of HSCR patients have the 
rectosigmoid colon defects, 17% with lesion affecting a longer segment of colon of 
variable length above the sigmoid colon, while 8% with aganglionosis of the entire 
colon to the distal terminal ileum. Total bowel aganglionosis is rarely found 
(reviewed by Belknap 2002). Most of the HSCR cases are sporadic, while 
approximately 20% are familial cases where more than one child in the same family 
are affected by the disease (Shen et al.’ 2002). HSCR is sometimes associated with 
mental retardation, microcephaly, distinct facial appearance (Goldberg-Shprintzen 
Syndrome) (Goldberg and Shprintzen, 1981; Wakamatsu et aL’ 2001), Ondine's 
curse (Masumoto et al., 2002), Smith-Lemli-Opitz syndrome (Patterson et al” 1983)， 
Trisomy 21 (Down syndrome) (Moore and Johnson 1998), cardic diseases (Korsch et 
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al., 2001), cartilage-hair hypoplasia (Makitie et al., 2001), hypopigmentation and 
deafness (Waardenburg-Shah syndrome) (Ryan et al., 1992; reviewed by Parisi and 
Kapur, 2000). Most of them are related to the defect of NCC development which is 
caused by many genes. HSCR is a disease with various patterns of inheritance: 
autosomal dominant, autosomal recessive, polygenic or multifactorial (Pingault et al.’ 
1997). By means of genetic and clinical studies of HSCR patients, mutations have 
been found in some genes which contribute to the phenotypic expression of HSCR. 
On the other hand, animal models also provide insights into the mechanisms of 
HSCR pathogenesis. At the moument, at least eight genes have been identified to be 
involved in the pathogenesis, including Ret, GDNF, NTN, BDNRB, EDN3, ECE-1， 
Sox 10, SIPl (Amiel and Lyonnet，2001; Passarge, 2002). Among these genes, Sox 10 
alterations in HSCR patients are usually heterozygous mutations that either lead to 
truncated, non-functional versions of the protein or to a complete loss of expression 
from the affected allele (Kuhlbrodt et aL, 1998). Mice carrying heterozygous 
mutations in the Sox 10 gene, which encodes a high-mobility-group-box containing 
transcription factor of the Sox family, display aganglionosis of the colon and 
represent a model for human HSCR (Cacheux et al” 2001; Pingault et al., 1998; 
Wakamatsu et aL，2001). 
i 
1.7 Objective of the Study and Contents of the Following Chapters 
Over the last few decades, neural crest cells have aroused much research 
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interest mainly because of the multitude of their adult derivatives and their ability of 
migration. Despite efforts in looking for suitable specific markers for neural crest 
cells, a pan-marker for all the neural crest cells originating from all axial levels and 
locating all different regions of the embryos is still not available, making tracing of 
neural crest cell migration difficult. Recently, the confirmation of the contribution of 
avian sacral neural crest cells to enteric nervous system has brought the sacral neural 
crest under research spotlight again. The objective of the present study is to trace the 
migration of mouse sacral crest cells from the dorsal part of the neural tube (their 
origin) to the hindgut and also the migration along the gut tube following their 
entrance to the hindgut. To this end, a combination of cell labelling technique, whole 
embryo culture, gut organ culture and morphological analyses had been used in the 
mouse embryos. In the following chapter (Chapter 2), pre-migratory sacral neural 
crest cells within the neural tube were first labelled with an exogenous cell marker 
such as wheat germ agglutinin gold conjugates (WGA-Au), strongly fluorescent dye 
Dil and thiol-reactive fluorescent tracers CMFDA by injecting the cell marker into 
the lumen of the neural tube. The labelled embryos were then cultured in a whole 
embryo culture system for one to one and a half days before they were harvested for 
histological analyses. The early migratory patterns were mapped out by examining 
the distribution of labelled cells in the embryos. It was found that labelled sacral 
neural crest cells migrated from the neural tube at E9.5 and moved along defined 
pathways to the caudal mesenchyme (pelvic mesenchyme). However, the sacral 
neural crest cells were still located in the pelvic mesenchyme without arriving to the 
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gut after 1.5 days of culture, which was the maximum length of the time that the 
culture could support the normal growth of the embryo outside the uterus. Hence in 
Chapter 3, the mesenchymal region containing migrating neural crest cells together 
with the gut were isolated directly from normal mouse embryos, the mesenchymal 
region was then labelled with a fluorescent tracer Dil, and the labelled mesenchyme 
together with the gut were cultured with a gut organ culture system in order to 
determine the migration of the labelled neural crest cells from the pelvic 
mesenchyme to the gut. It was found that the labelled neural crest cells also followed 
defined pathways to migrate from the pelvic mesenchyme to the gut. To trace the 
migration of sacral neural crest cells all the way from the dorsal neural tube to the 
gut, a combined method of whole embryo culture and organ culture was used in 
Chapter 4. With the cell labelling technique and the whole embryo culture method, 
the early migrating sacral neural crest cells were marked and traced as in Chapter 2, 
but however, after 1.5 days of whole embryo culture, the pelvic mesenchyme and the 
gut were isolated from the labelled embryos and further cultured in the organ culture 
system as in Chapter 3 so that the labelled sacral neural crest cells could continue to 
migrate to the gut in the organ culture after the whole embryo culture was terminated. 
By using this combined method, the complete migratory pathways from the neural 
tube to the gut were found out. However, because of technical difficulties and the 
constraint of time, more work should be carried out in future in order to confirm the 
complete migratory pathways of the sacral neural crest cells. A general discussion 
section was thus followed in Chapter 5 to discuss various aspects of the study. 
Chapter 2 Migration to pelvic mesenchyme: 
Introduction 
Chapter 2 
Migration from the dorsal neural tube to the pelvic mesenchyme 
2.1 Introduction 
Studies on mammalian embryos are more difficult than those on amphibian 
and avian embryos because amphibian and avian embryos do not implant to the 
maternal uterus. After the mammalian embryos have implanted to the uterus, they 
become inaccessible to manipulations and difficult for continuous observation on 
their development. Two techniques allow us to get around this problem to a large 
extent. The first is whole embryo culture in vitro. During the past years, many 
embryo culture systems have been established for rodent embryos. The culture 
system is useful only if the development of embryos in culture resembles that of the 
in vivo embryos. In this way, embryos can be surgically or chemically manipulated 
or labelled and develop normally in culture for periods of 12-60 hrs, depending on 
the stages at explantation (New, 1978; Cockroft, 1990). The culture of 
postimplantation embryos in vitro has been widely used in order to study the normal 
development of embryos and the effects on embryos after injection of dye and 
surgical procedures (New et al” 1973; New, 1978; Cockroft, 1988，1990; Sadler and 
t 
New, 1981; Freeman et al., 1987; Kaufman, 1992; McCluskey and Martin, 1995). 
Another advantage of culturing embryos in vitro is that the culture conditions (e.g. 
pH) can be controlled and modified easily. However the major disadvantage is the 
relatively short culture period (usually 2-3 days) for which the embryos can be grown, 
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despite the enormous efforts different laboratories have been put in over the past 
years to try to extend the culture period. The reasons for the inability of the culture 
system to support the normal growth of mammalian embryos outside the uterus 
probably are due to the absence of a functional allantoic placenta and conditions such 
as lack of oxygen, excessive carbon dioxide, insufficient nutrients and accumulation 
of waste products that may occur in the in vitro culture system. The second technique 
that has been developed to overcome the inaccessibility of the embryos in utero is 
that of exo utero or open uterus surgery, in which fetuses are suspended in the 
fluid-filled abdominal cavity of the female mouse while retaining their placental 
attachment to the uterine wall (Muneoka et al.’ 1990; Serbedzija et al., 1992). This 
method is however only suitable for mouse fetuses after embryonic day (E) 12.0, 
because the manipulation inside the uterus is too difficult for small embryos at early 
post-implantation stages and mortality is high for embryos at early organogenesis 
(E8.0 to E12.0) after manipulations. 
The aim of this part of the present study is to investigate the early 
migration of the sacral neural crest cells (NCCs) from the dorsal part of the neural 
tube to the pelvic mesenchyme during early mouse embryonic development. Sacral 
NCCs are originated from the neural tube region caudal to the somite in the 
avian while in the mouse, the axial level of their origin in the neural tube is caudal to 
the 24th somite (Fig. 1.1) (Le Douarin and Teillet, 1973，1974; Pomeranz and 
Gershon, 1990; Pomeranz et al., 1991; Serbedzija et al.’ 1991). Sacral NCCs, as 
mentioned previously in Chapter 1，are a group of multipotent cells that give rise to 
Chapter 2 Migration to pelvic mesenchyme: 
Introduction 
the enteric nervous system (ENS). The development of the sacral NCCs in the avian 
has been studied more clearly than in the mouse (Bums et al., 2000; Bums and Le 
Douarin, 1998; Le Douarin and Teillet, 1973，1974; Pomeranz and Gershon, 1990; 
Pomeranz et al” 1991). The sacral NCCs in the avian emigrate from the dorsal region 
of the neural tube (the neural crest) in the sacral region of the neural tube and then 
migrate along the ventral and the dorsolateral pathways to form cells in the dorsal 
root ganglia, pigment cells and also neurons and glial cells of the ENS (Le Douarin 
and Teillet, 1973; Pomeranz and Gershon, 1990; Pomeranz et al, 1991). However in 
the mouse, no detailed studies on the early migration of the sacral NCCs have been 
reported and the timing of the sacral NCCs to enter the gut to form the ENS has been 
controversial. Some studies using Dil labelling technique (Erickson and Coins, 2000; 
Pomeranz and Gershon, 1990; Wu et aL, 2000; Serbedzija et al., 1991) indicated that 
the sacral NCCs entered the hindgut at E9.0, the day before vagal NCCs reached the 
hindgut mesenchyme. In contrast, numerous other studies of murine embryos failed 
to identify neural progenitors in the hindgut until vagal NCCs completed their 
migration in the hindgut (Kapur, 2000; Young et al., 1998). In the chick, the sacral 
NCCs stay in the nerve of Remak for about 3 days until the colonization of the 
hindgut by the vagal NCCs completes (Bums and Le Douarin, 1998). Although some > 
evidence indicated that collapsin-1 in the mesenchyme of the colorectum in the avian 
may affect the behavior of the sacral NCCs (Shepherd and Raper, 1999; Behar et al” 
1996; Taniguchi et al., 1997; Eickholt et al.，1999), similar findings in the mouse 
embryos have not been reported and there is still no definitive proof as to whether 
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sacral NCCs stay in the pelvic mesenchyme for a certain period of time before they 
enter the hindgut. One of the main difficulties in studying NCCs migration is that 
soon after the cells come out of the neural tube, they become morphologically 
indistinguishable from the surrounding mesenchymal cells. Hitherto, no specific 
markers which can specifically label the NCCs in the mouse embryo, especially the 
sacral NCCs, from the stage at which they migrate from the neural tube to the time 
they become localized in their final locations, have been found. Other studies on the 
colonization of the mouse gut by enteric neuron precursors employed D^H-nlacZ 
mice (Kapur et al., 1992) and c-ret which has been suggested to be a neural crest 
marker (Pachnis et al” 1993). However it is still unknown whether all sacral NCCs 
express D^H-nlacZ and c-ret. Therefore the direct sacral NCCs labelling by 
exogenous vital dyes when the sacral NCCs are still inside the neural tube is a simple 
way to label sacral NCCs and also the method of choice in the present study. Vital 
dye is injected into the lumen of the neural tube and the dye will be taken up by all 
the neuroepithelial cells indiscriminately, including the pre-migratory NCCs in the 
dorsal part of the neural tube. The labelled embryos can then be cultured in vitro with 
whole embryo culture, which can support the development of the mouse embryos 
from E9.5- ETLO, during this period the sacral NCCs migrate from the neural tube to 
/ 
the adjacent mesenchyme. By using this cell labelling method combined with whole 
embryo culture, the sacral NCCs leaving the neural tube carry the dye, and hence, 
their migratory pathway and their final destinations can be traced by following the 
distribution of labelled cells in the embryos (Serbedzija et al.’ 1990，1991，1992; 
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Trainor and Tarn, 1995; Fukiishi and Morriss-Kay, 1992; Chan and Tarn, 1988; Chan 
et al., 2004). 
Over the past years of research, the culture conditions for the mouse 
embryo culture in vitro have been well established. Previous attempts to culture 
mouse blastocysts to early organogenesis stages have met with only limited success 
(Mclaren and Hensleigh, 1975; Hsu, 1978; Wiley et al•’ 1978). For embryos that 
develop through gastrulation to early neurulation (E7.5 to E8.5), a roller and a simple 
static culture system have both been found to be adequate (Tarn and Snow, 1980; 
Lawson et al., 1986，1991; Lawson and Pedersen, 1987), while older embryos, from 
E8.5 onwards, have traditionally been cultured in roller flasks (Tarn, 1998). In 
embryos immediately after implantation, the visceral yolk sac membrane is important 
in nutrition and it contains a high concentration of various enzymes. It is also 
responsible for taking up, transporting, digesting and absorbing proteins and other 
macromolecules (New, 1978). At early stages, the blood circulation in the yolk sac 
membrane of the embryo cultured in vitro is sufficient in supplying nutrient and 
oxygen to the embryos. At later stages when the embryos grow bigger and more 
organs are forming, most of the nutrients and oxygen are presumably supplied via the 
allantoic placenta and these embryos need more space for development. Therefore, 
/ 
whether the yolk sac is open (embryos are cultured with the yolk sac membrane cut 
open) or closed (embryos are cultured with an intact yolk sac membrane) does affect 
the development of the embryos in the culture system. It has been well established 
that closed yolk sac culture (i.e. the yolk sac membrane is intact and enclosing the 
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embryo) can support the normal development of the embryos at E8.0 to E9.0 for one 
to two days, while embryos older than El0.0 can develop normally for one to two 
days in vitro only in open yolk sac culture (i.e. the yolk sac membrane is cut open but 
still remains connected with the ectoplacental cone so that the growth of the embryo 
will not be restricted by the enclosing yolk sac membrane). However, for embryos at 
E9.5 (the day on which sacral neural crest cells are supposed to start their migration), 
no studies have been reported as to what type of culture methods (closed yolk sac 
culture vs open yolk sac culture) is suitable for them. In the present study, to 
determine which culture method (closed yolk sac culture V5 open yolk sac culture) is 
more suitable for supporting the development of the mouse embryos at E9.5, two 
groups of mouse embryos (both at E9.5) were cultured for about 36 hours. One group 
of embryos was cultured with the yolk sac membrane opened and the other group 
with an intact yolk sac membrane. The morphological scores were compared 
between the two groups at the end of the culture period. The heart looping, vascular 
development, heart rate, the somite number and other morphological development 
are important components for comparing with the development of mouse embryos in 
vivo. The ingredient of the culture medium is also critical to the success of the 
culture. In the rodent, since the embryo inside the deciduas is nurtured by the 
/ 
circulating maternal blood, serum or plasma is therefore important component of the 
medium for the in vitro culture (New, 1978). It was found that pure mouse or rat 
serum which is immediately separated from red blood cells by centrifUgation and 
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heat inactivated is the best culture medium for mouse embryos up to El0.0 (New, 
1978). 
With the support of the well-established embryo culture system, two vital 
dyes，Dil or WGA-Au was microinjected into the lumen of the neural tube in the 
sacral region, and as alluded to earlier, the dye was taken up by the neuroepithelium 
indiscriminately (Serbedzija et al., 1990, 1991，1992; Trainor and Tarn, 1995; 
Fukiishi and Morriss-Kay, 1992; Chan and Tarn, 1988). 
1,1 -dioctadecy 1 -3,3',3'-tetramethylindocarbocyanine perchlorate (Dil) is a strongly 
fluorescent carbocyanine dye. Since it is lipophilic in nature, it labels the cell by 
intercalating into the lipid bilayer of the plasma membrane and permits the 
examination of neural crest migratory pathways and their derivatives. It does not 
affect the survival, development, or basic physiological properties of cells and does 
not easily spread from one cell to another. Dil has maximum absorption of light at 
wavelength 546 nm and emission at 563 nm, so under suitable wavelength 
illumination by an epifluorescence microscope, the Dil labelled cells give orange-red 
fluorescence. Wheat germ agglutinin (WGA) is a kind of lectins that is derived from 
Triticum vulgaris. Lectins are carbohydrate binding proteins which agglutinate cells 
or precipitate glycoconjugates. When WGA is deposited on the cell surface, it will 
bind to the cell surface and will be endocytosed by the cells. When WGA is 
conjugated to a second marker, it can be easily identified by histological or electron 
microscopic methods. Colloidal gold is one of these second markers and can be 
conjugated to WGA to form WGA-Au. WGA-Au is a good marker for short-term 
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labelling of NCCs. This marker labels the cell by its own binding ability on the cell 
surface and following endocytosis, it is stored in intracellular vesicles by cells for a 
considerable period of in vitro development. The marker cannot be transferred from 
one cell to another, and it will be passed on to the mitotic descendants of labelled 
cells only. WGA-Au particles can be visualized under the light microscope when the 
particles are enlarged by silver enhancement staining, in which the gold particles act 
as precipitation centers for silver granules to deposit. 
Besides exogenous cell labelling, several genetic or endogenous markers 
are used in many studies to mark the vagal NCCs in the mouse, such as c-ret (Lo and 
Anderson, 1995), p75 (Young et al” 1998) and Phox2b (Pattyn et al.’ 1997). No 
exact evidence has been shown that these markers can also be used on sacral NCCs. 
p75，which is a low affinity nerve growth factor receptor, is a good marker for 
labelling vagal NCCs in the mouse gut and expressed by vagal NCCs prior to their 
entry into the gut mesenchyme (Baetge et al, 1990). In this study, p75 was used to 
double label the Dil or WGA-Au positive cells coming from the labelled neural tube 
in the sacral region. From the results of exogenous cell labelling and the 
immunohistochemical staining, the migration of the sacral NCCs could be traced 
from E9.5 to El 1.0，and also the suitability of p75 using as a neural crest marker can 
/ 
also be evaluated. 
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2,2 Materials and Methods 
2.2.1 Animal 
Mice of Institute of Cancer Research (ICR) were used in this experiment. 
The mice were reared in an artificial 12 hours : 12 hours dark-light cycle. The male 
and female mice were paired overnight. In the following morning, the presence of a 
vaginal plug was examined and the noon of the plug day - was designated as 
embryonic day (E) 0.5. 
2.2.2 Isolation of embryos from pregnant mice at E9.5 to Ell.5 
The procedure for isolating the embryos from pregnant mice was generally 
similar to that described by Brown (1981). At E9.5 to Ell.5, the pregnant mice were 
killed by cervical dislocation. The mouse was laid on its back and the abdomen was 
soaked with 70% alcohol for disinfection. The abdominal wall was cut open with a 
large U-shaped incision to expose the uterus. The uterus was freed by removing the 
attached blood vessels, membranes and fat. The uterine wall was cut open along the 
antimesenteric edge and the deciduas were gently slided into a dish of warm PBl 
(Appendix A) medium with a pair of blunt forceps. The decidual tissues and 
Reichert's membrane were carefully removed by a pair of fine forceps. The visceral 
yolk sac membrane and the ectoplacental cone were left intact. Ten embryos with 
yolk sac membranes dissected open were used to test the open yolk sac culture 
method. The embryos isolated were transferred to another dish of PBl for further 
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manipulation. 
2.2.3 Histological preparation of the caudal segments 
The caudal segments of the embryos (posterior segment of the embryo 
including all structures caudal to the somite) at El0.5 and El 1.5 were fixed in 
4% paraformaldehyde (Appendix B) at 4�C overnight. The segments were washed 
twice in PBS (Appendix C), 5 minutes each, and then dehydrated in graded alcohol 
from concentrations of 70% through 80%, 95%, to absolute alcohol successively. 
Afterwards, the embryos were immersed into paraffin wax at 60�C for about half an 
hour, and orientated longitudinally (from the anterior to the posterior) and cooled on 
a cold plate until the wax was set. The caudal specimens were embedded into wax 
blocks and then sectioned transversely at 5)am using a microtome. 
2,2,4p75 immunohistochemical staining 
Transverse sections from the previous section (section 2.2.3) were incubated 
at 4°C overnight with a rabbit anti-p75 primary antibody (Chemicon, 1:400). The 
sections were washed with PBS three times each for 20 minutes and then incubated 
with a donkey anti-rabbit IgG-Cy3 (Jacksonimmuno, 1:400) secondary antibody at 
4 � C overnight. The sections were washed in PBS and observed under an 
epifluorescence microscope. Red fluorescent cells were the positive cells. 
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2.2,5 Preparation of rat serum 
Pure serum for whole embryo culture was extracted from male 
Sprague-Dawley (SD) rats according to the procedure described by Brown (1981). 
Rats were deeply anaesthetized by ether inhalation. The abdominal wall was 
disinfected by soaking with 70% alcohol and then cut open. The abdominal aorta was 
exposed and blood was withdrawn with a syringe. The blood was immediately 
transferred to a new centrifuge tube and spun at 2,200 rev/min (Hettich Universal II) 
at room temperature for at least 5 minutes. After centrifligation, a layer of serum with 
a whitish fibrin clot was formed in the supernatant. More serum can be obtained by 
squeezing the clot with a sterilized Pasteur pipette and blood was re-centrifuged at 
3,000 rev/min at 4 � C (Eppendorf Centrifuge 5804R) for 20 minutes. Clear 
supernatant was transferred to a new centrifuge tube with a Pasteur pipette and 
heat-inactivated at 56 for 45 minutes. The heat-inactivated serum was kept at -20 
and incubated with 5% CO2 balanced with air in an incubator at 37°C overnight 
before it was used for culture. 
2,2,6 Preparation of the culture medium 
2.4ml of chemically defined culture medium (Appendix D) were mixed with 
0.6ml immediately-centrifuged heat-inactivated rat serum by pipetting into a 30ml 
serum glass bottle. 
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2.2.7 Preparation of wheat germ agglutinin-gold conjugates (WGA-Au) 
The preparation procedure for WGA-Au generally followed the method 
developed by Chan and Tarn (1988) and Chan and Lee (1992). Briefly, 1 mg of 
wheat germ agglutinin (Sigma) and 4 mg of bovine serum albumin (BSA, Sigma) 
were dissolved in 500|LI1 of 0.005M NaCl in a 1.5ml eppendorf tube. After complete 
dissolution lOO i^l of 0.25% glutaraldehyde was added and the tube stood for 15 
minutes to allow cross-link formation. Then 400|LI1 of the WGA-BSA complex 
solution was mixed with 20ml of colloidal gold solution (0.005% of 10-25mm 
particles in citrate buffer, pH 5.5, Polyscience) in a 50ml tube (Falcon). After 5 
minutes, 20|il of 10% Polyethene glycol (PEG, Sigma, molecular weight: 200) was 
added and the mixture stood for 10 minutes. The pH was adjusted to 7.0 with 0.1 M 
K2CO3. The conjugate was spun down at 38,000 rpm for 45 min at 4°C in vacuum in 
an ultracentrifiige (Beckman L5-50). The red pellet of WGA-Au conjugates was 
transferred to a new eppendorf tube and kept at 4°C until use. 
2,2,8 Preparation of CMFDA 
CellTracker™ Green CMFDA (5-chloromethylfluorescein diacetate) is a 
fluorescent probe which is retained in living cells through several generations. It is 
inherited to daughter cells and is not transferred to adjacent cells in a population. 225 
mM concentration was used by diluting the stock solution (lOmM) in D-PBS 
(Appendix F). When used, CMFDA was warmed up to 37°C. 
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2.2.9 Preparation of Dil 
Dil (1, l-dioctadecyl-3, 3，3，，3'-tetramethylindocarbocyanine, Mol-Probe, 
D282) was prepared as described by Serbedzija et al (1991). 0.1% solution 
(weight/volume) of Dil was made from 0.5% stock solution in 100% ethanol by 
diluting 1:4 in 1% fast green. The dye was stored at 4°C before use. 
2.2.10 Microinjection of WGA-Au, Dil and CMFDA 
In situ labelling of NCCs was done by injecting WGA-Au, Dil or CMFDA 
solution to the lumen of the neural tube of the isolated embryos. Injection pipettes 
with an internal diameter of about 10|Lim were used for injection of WA-Au. These 
pipettes were fabricated from glass capillaries with an internal diameter of 0.85mm 
(Clark Electromedical instruments, GC lOOT-15) by a vertical pipette puller (David 
Kopf Instruments, Model 720). The thick end of the pipette was connected with a 
rubber tube and the other end of the rubber tube was connected to a mouth piece. For 
studies on sacral NCCs migration, embryos at E9.5 (25-26 somite stage) and El0.5 
(37-38 somite stage) were isolated with the intact yolk sac membrane and the 
ectoplacental cone. The embryo was held by a pair of watchmaker's forceps and the 
thin tip of the injection pipette filled with WGA-Au, Dil or CMFDA was pierced 
through'the yolk sac membrane and the amniotic membrane carefully. The tip of the 
pipette was then punched through the dorsal surface epithelium and the neural tube at 
the trunk level. The dye was gradually blown into the lumen of the neural tube until 
the neural tube between the axial levels of the 24出 to somites was labelled. 
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2.2.11 Whole embryo culture 
Every two labelled embryos were transferred into one sterilized 30ml bottle 
containing 3 ml culture medium. The bottles were plugged tightly with a bung and 
then put into the rotator system (B.T.C. Engineering, U.K.) rolling at 30 rev/min at 
37°C (Buckley et al” 1978; Sadler and New, 1981). The system was continuously 
gassed with a gas mixture of 5% CO2 and 95% O2 (Cockroft, 1979). 
2.2.12 Examination of cultured embryos 
Embryos were harvested after 24 hours (for WGA-Au labelling) or 36 hours 
(for Dil labelling) in vitro culture and removed to PBS for further examinations. The 
yolk sac circulation and heart beat of the embryos were inspected. Morphological 
features such as branchial arches, forelimb buds, hindlimb buds, optic and otic 
placodes, the closure of caudal neural tube and the number of somites were examined 
and recorded (Brown, 1981). The morphological scores were compared with those 
embryos developed in uterus at the same stage. The cultured embryos were 
transected in the trunk rostral to the hindlimb bud (i.e. rostral to the level of the 24^ 
somite). In the WGA-Au labelling experiments, the caudal segments were fixed in 
Camoy's fixative (Appendix E) for 45 minutes and then rehydrated in absolute 
alcohol,'95%, 80% to 70% alcohol each for 5 minutes. Several drops of filtered eosin 
(1%) were added to stain the embryo segments with red color in order to make them 
more visible during the embedding processing. The segments were stored at 4�C. In 
the Dil labelling experiments, the caudal segments were fixed in 4% 
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paraformaldehyde at 4°C overnight after morphological examinations and 
cryosectioning. In the CMFDA labelling experiments, the signals of the CMFDA 
became very weak after cryosectioning, and hence the caudal segments of the 
embryos with CMFDA labelling were fixed in 4% paraformaldehyde at 4°C 
overnight and then the whole caudal segments were examined directly under a 
stereomicroscope equipped with a fluorescence module without further processing 
for cryosectioning. 
2.2,13 Histological preparation of WGA -A u labelled embryos 
Eosin stained embryonic caudal segments were dehydrated following the 
successive steps: 80% alcohol for 5 minutes, 95% alcohol for 5 minutes, three times 
absolute alcohol each for 5 minutes, three times xylene each for 5 minutes. Then the 
embryo segments were infiltrated with paraffin wax at 60°C for 45 minutes with 
changes of wax for every 15 minutes. The segments were longitudinally oriented and 
embedded in paraffin wax for serial transverse sectioning at a thickness of S^m. The 
i 
sections were mounted on positively charged micro slides (SuperFrost Plus, 
Menzel-Glaser). To dewax, the sections were dried at 46�C for at least 20 minutes 
and then immersed in xylene for 5 minutes three times. Then the sections were 
rehydrated in absolute alcohol, 95% alcohol, 80% alcohol, 70% alcohol each for 5 
minutes. After rehydration, the sections were immersed in distilled water. 
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2.2.14 Silver enhancement staining of the sections of WGA-Au labelled embryos 
The silver enhancement staining procedures were performed in dark. The 
dewaxed sections were immersed for 15 minutes in a silver developer solution, 
which was prepared by mixing 255ml of citrate buffer (pH 3.5) and 45 ml of silver 
lactate solution (7.3g/dm) in dark. The sections were washed twice thoroughly with 
distilled water by gentle shaking, and then transferred to a photographer fixer (AGFA, 
fixer : distilled water = 1:3) for 5 minutes. The sections were immersed in distilled 
water again, counterstained with 0.15% fast green for no more than 2 minutes, 
washed away the excess stains by passing the sections through distilled water, and 
then dehydrated in 70% alcohol for three times, absolute alcohol for three times and 
xylene for three times each for 5 minutes. The sections were then mounted with 
Permount (Fisher Scientific) and covered by coverslips. The sections were examined 
under a light microscope, where WGA-Au particles appeared as dark granules. 
2.2.15 Cryosectioning of the embryos labelled with Dil 
The cultured embryos labelled with Dil were washed in warm PBS and 
fixed in 4% paraformaldehyde (Riedel-de Haen, 16005’ Appendix B) in PBS 
overnight at 4°C. They were washed by PBS and were then dehydrated stepwise with 
7% and 20% sucrose solutions, each for about 30 minutes until embryo segments 
sank to the bottom of the container. They were immersed into O.C.T. compound 
(Miles) for several minutes. Each segment was carefully oriented for both transverse 
and longitudinal sectioning in a cylindrical mould which contained fresh O.C.T. The 
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segments were instantly frozen by iso-pentane (Riedel-de Haen) which had been 
pre-cooled by liquid nitrogen. The samples were then stored at -20 °C. They were 
serially sectioned at a thickness of 10|im by a cryostat (Shandon, AS620E) and the 
working temperature was kept at -24°C. The sections were put on glass microscopic 
slides in sequence and were examined under an epifluorescence microscope (Zeiss) 
with a filter for the light with a wavelength of 535nm to pass through. 
2,2.16 p75 immunohistochemical staining of Dil labelled cells 
Dil labelled cryosections were air-dried overnight and then post-fixed with 
4% paraformaldehyde for 30 minutes at room temperature, washed with PBS two 
times each for 20 minutes, and then followed by incubating with the blocking 
solution (10% normal horse serum in PBS) for 30 minutes at room temperature. 
Sections were incubated at 4°C overnight with a rabbit anti-p75 primary antibody 
(Chemicon, 1:400), which has been shown to be able to mark the undifferentiated 
enteric neural crest-derived cells. Excess antibodies were washed away with PBS 
two times each for 20 minutes and then the sections were incubated in a donkey 
anti-rabbit IgG-Cy2 (Jacksonimmuno, 1:400) secondary antibody at 4°C overnight. 
The sections were washed in PBS and observed under an epifluorescence microscope. 
Green fluorescent cells were p75-positive cells. 
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2.3 Results 
2.3.1 Observations on embryos developed in vivo 
Embryos were isolated directly from pregnant mice at E9.5, El0.0，El0.5 
and El 1.5 (Fig. 2.1.a-d). Embryos at E9.5 have a somite number ranging from 23 to 
25. At this stage, the hindlimb buds have just started to form on two sides of the 
trunk. The neural tube at the caudal end of the embryo has not closed yet. In its 
natural position, the tail-bud (caudal tip of the embryo) curled below the forebrain 
and ventral to the branchial arches (Fig. 2.1.a). Embryos at El0.0 have a somite 
number ranging from 29 to 30. The morphological development of the embryos at 
this stage (Fig. 2.1.b) is between those at E9.5 (Fig. 2.1.a) and El0.5 (Fig. 2.1.c). At 
this stage, the neural tube is closed at the caudal end and the hindlimb buds are still 
in the process of forming. At E10.5, the somite number ranges from 37-38 and the 
hindlimb buds are paddle shaped (Fig. 2.1.C). The morphological features of the 
embryos at E9.5 to El0.5 were scored according to the morphological scoring system 
designed by Brown and Fabro (1981). Four unfixed embryos were scored at each 
stage and the average score was used as the morphology score of each structure. 
According to the scoring method, 17 morphological features were examined. An 
example of the scoring sheet was shown in Table 2.1 and the scores of each feature at 
E9.5, ElO.O and E10.5 were compared in Graph 2.1. Results showed that all the 
scores of the morphological structures at El0.5 were higher than those at ElO.O and 
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E9.5, indicating that the embryos developed progressively from E9.5 to E10.5. 
Embryos at El 1.5 have a somite number ranging from 49 to 50. Most of the 
external morphological features have been well established and become complex 
(Fig. 2.1.d). At this stage onwards, the morphological scoring method by Brown and 
Fabro (1981) is no longer applicable because the somites cannot be counted easily 
from this stage onwards. 
2.3.2 Closed yolk sac culture vs open yolk sac culture 
As alluded to earlier in the Introduction of this chapter, no reports have 
indicated whether closed yolk sac culture (embryos cultured with an intact yolk sac 
membrane which encloses the embryo) or open yolk sac culture (embryos cultured 
with the yolk sac membrane cut open) is most suitable for embryos at E9.5. To find 
out the best method for culturing embryos at E9.5，embryos with 23-24 somites were 
divided into two groups (8 embryos for each group), which were then cultured 
separately with two culture methods. Both groups of embryos were developed in the 
same culture medium and continuously gassed with 95% Cysyo N:. Their 
developments in vitro were compared one day later. These embryos were removed to 
PBl for observations under a microscope. The somite number, blood circulation, 
> 
heart beat and other morphological features were recorded and scored based on the 
Brown-Fabro scoring system (Brown, 1981; Copp，1990). In the Graph 2.2 a and b, 
most of the morphological scores of the embryos in the group with an intact yolk sac 
membrane were higher than the group with yolk sac opened (Graph 2.2.a). It 
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demonstrated that embryos with a closed yolk sac grow better than those with an 
opened yolk sac. When the morphological scores were compared between the in vitro 
and in vivo groups, it was found that most of their morphological scores were 
statistically similar (Graph 2.2.b). The total morphological scores of the embryos in 
vitro were also similar to that of the embryos in vivo (see the right graph in Graph 
2.2.b). These showed that the culture system could support the normal development 
of the embryos from E9.5 to E10.5. 
2.3.3 Neural crest cell labelling in the caudal part of embryos 
2.3,3.1 Labelling with WGA-Au followed by in vitro culture from E9.5 to El 0,5 
2.3,3.1.1 Morphology of the embryos following labelling and culture 
Embryos with an intact yolk sac membrane were isolated at E9.5 and the 
caudal part of the neural tube (regions caudal to the level of the somite) was 
labelled with WGA-Au by injecting WGA-Au into the lumen of the neural tube. 
After 24 hours of whole embryo culture, the embryos were harvested and placed in 
PB1 for observations under a microscope. No abnormalities were found. The blood 
circulation and the heart beat, both of which were important parameters for assessing 
normal development of the embryo, were found vigorous and normal (Fig. 2.2.a and 
* 
b). The number of the somites was counted. Other morphological features were also 
comparable to those observed in embryos developed in vivo (compare Fig. 2.2.b with 
Fig. 2.1.C), showing that the whole embryo culture system could support the normal 
development of embryos for 24 hours and that WGA-Au labelling did not impede the 
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normal embryonic development in vitro. 
2,3,3.1.2 Distribution ofWGA-Au labelled neural crest cells 
After silver enhancement and counterstaining with fast green, the serial 
sections through the to somite (sacral region) were examined under a light 
microscope. Labelling signals, which appeared as dark intracellular granules were 
observed in cells of the neural tube (dark particles in the neural tube shown Fig. 
2.3.a-c) in the sacral region. Most of the cells in the neural tube were labelled with 
WGA-Au particles (Fig. 2.3.a-c). Some of these labelled cells were found along the 
dorsolateral pathway lying between the surface ectoderm and the somite, but 
however, the labelled cells along this pathway were very few in number (Fig. 2.3.b). 
Most of labelled cells were instead found distributed in the region between the 
somite and the neural tube (Fig. 2.3.a and 2.3.c), which is commonly referred as the 
medial pathway. Along the medial pathway, some labelled cells stayed in the region 
of the dorsal root ganglia (Fig. 2.3.a and 2.3.c). Some leading or pioneer cells were 
observed in more ventral locations near the dorsal aorta (Fig. 2.3.c). The distributions 
of the labelled cells along the dorsolateral and the medial pathways are very similar 
to the pattern of p75 immunohistochemical staining in embryos at El0.5 (see section 
/ 
2.3.7). 
23.3,2 Labelling with CMFDA followed by in vitro culture from E9.5 to El 0.5 
Embryos with an intact yolk sac membrane were isolated at E9.5 and the 
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caudal part of the neural tube (caudal to the somite) was similarly labelled with 
CMFDA as in WGA-Au labelling. After 24 hours of whole embryo culture, the 
embryos were harvested and examined under a light microscope (Fig. 2.4.a) and a 
confocal microscope (Fig. 2.4.b). Green signals were located in the neural tube at 
levels of the to i f ^ somite (sacral region) and some of CMFDA positive cells 
were found to migrate from the neural tube. However, there were no green positive 
signals found in the hindgut yet. After the CMFDA-labelled embryos were sectioned, 
the signals became too weak to be observed with light or confocal microscopy. 
2.3.4 Neural crest cell labelling with Dil in the caudal part of the neural tube 
followed by in vitro culture from E9.5 to EILO 
Embryos with an intact yolk sac membrane were isolated at E9.5 (Fig. 2.5.a) 
and Dil was microinjected into the lumen of the neural tube at levels of the 
somite to the caudal end of the embryo (Fig. 2.5.b and 2.5.c). After 36 hours of 
whole embryo culture, these embryos were harvested in PBl (Fig. 2.6.a) and 
examined. No abnormal structures were found (Fig. 2.6.a) and the development was 
similar to that of the embryo developed in vivo. Dil positive signals were found in 
the region of the neural tube caudal to the level of the somite (Fig. 2.6.b). Some 
/ 
labelled cells migrated from the neural tube to the pelvic mesenchyme through the 
anterior part of each somite (Fig. 2.6.b). Transverse sections showed that Dil positive 
cells were located between the surface ectoderm and the somite (Fig. 2.7.a-c). The 
number of the Dil positive cells along this pathway was higher than that in same 
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regions (dorsolateral pathway) of the embryos which had been cultured from E9.5 to 
E10.5 (24 hours) with WGA-Au labelling (compare Fig. 2.7.a, b with Fig. 2.3.b). 
Many Dil positive cells were also located in the region between the neural tube and 
the somite (medial pathway) (Fig. 2.7.a, c and d). Some of them were found in the 
dorsal root ganglia along the medial pathway (Fig. 2.7.a, c and d). The labelled motor 
nerve fibers extended from the ventral part of the neural tube and joined with the 
sensory nerve fibers coming from the dorsal root ganglia (Fig. 2.1.c and d). At the 
levels of the to somite, Dil positive cells were observed in the pelvic 
mesenchyme near the cloaca (Fig. 2.8.a and b). Later, it was found the distribution of 
the Dil-labelled cells was similar to the expression pattern of p75 in the same region 
(refer to section 2.3.7). It was also demonstrated that the most ventrally located Dil 
labelled cells at this stage (embryos cultured from E9.5 to El 1.0) were found in the 
pelvic mesenchyme near the dorsal aorta (Fig. 2.1 A) or near cloaca (Fig. 2.8.a, b), 
which were the regions definitely more ventral than those labelled cells found in the 
embryos with WGA-Au labelling (embryos cultured from E9.5 to El0.5 for 24 hours 
only). 
23,5 Neural crest labelling with Dil in the caudal part of the neural tube followed 
by in vitro culture from El 0,5 to El 1.5 
It has been well established that embryos at El0.5 develop normally in open 
yolk sac culture (Cockroft, 1990; Chan, 1997; Chan et al,，2005). Hence embryos 
with the yolk sac membrane opened were isolated at El0.5. At this stage, embryos 
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had 33-34 somites and were labelled with Dil in the caudal part of the neural tube 
(regions caudal to the somite). After 24 hours in vitro whole embryo culture, the 
embryos were harvested in PBl and examined under a light microscope (Fig. 2.9.a) 
or an epifluorescence microscope (Fig. 2.9.b, c, and Fig. 2.10.a，b). The development 
of the embryo in vitro (Fig. 2.9.a) was similar to that of the embryo developed in vivo 
at Ell .5 (Fig. 2.1.d). When the whole intact embryo was put under an 
epifluorescence microscope, no Dil positive cells were found to migrate from the 
neural tube at levels rostral to the 28 '^' somite (Fig. 2.9.b and c). Cryosections of the 
embryo also showed absence of Dil positive cells from the dorsal part of the neural 
tube at the level of the somite (Fig. 2.9.d). However, at the same stage, many of 
motor nerve fibres extended from the ventral part of the labelled neural tube (Fig. 
2.9.e). At the level of the 29'^  to somite, Dil positive cells were observed 
migrating from the neural tube to the regions between the neural tube and the somite, 
i.e. the medial pathway (Fig. 2.1 l.a-c). Some of them were located at the dorsal tip of 
the medial pathway, presumably in the region of dorsal root ganglia (Fig. 2.1 l.a-c). 
The labelled cells were mainly found in the pelvic mesenchyme adjacent to the 
anterior part of the somite (Fig. 2.10.a，b). However, at levels caudal to the 
somite, no Dil positive cells were found to migrate out from the neural tube (Fig. 
2.10.a，band Fig. 2.1 l.d). 
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2.3.6 Focal labelling at the levels of the 26仇 and 2炉 somites followed by in vitro 
culture 
Embryos of E9.5 with an intact yolk sac membrane were focally labelled 
with Dil at the level of the somite. After in vitro culture for 36 hours, these 
embryos developed normally and no morphological abnormalities were found. In the 
yolk sac circulatory system, the vitelline artery and vein are distinctly separated. The 
heart beat was very strong and the hindlimb buds were forming (Fig. 2.12.a-c). The 
craniofacial structures and the tail were all normal in embryos developed to the stage 
of 43 somites. The Dil labelled cells formed a line at the level of the somite 
extending from the dorsal part of the neural tube toward the ventral sides of the 
embryo (Fig. 2.12.a-c). When the embryos which had been focally labelled at the 26^ 
somite level and cultured for 36 hours were cryosectioned, it was found that Dil 
labelled cells were present in the medial pathway between the neural tube and the 
somite (Fig. 2.13.a), and others were located in the dorsolateral pathway between the 
surface ectoderm and the somite (Fig. 2.13.b). 
Embryos at E9.5 were also focally labelled with CMFDA but at a more 
caudal region, namely at the level of the somite. The embryos were similarly 
cultured for 36 hours to El 1.0，and their morphology was examined. They were all 
/ 
morphologically normal and no structural abnormalities were found (Fig. 2.14.a). 
Labelled cells with green fluorescence were also found migrating from the neural 
tube along a straight pathway (Fig. 2.14.b), which was similar to that of the Dil focal 
labelling at the level of the somite (Fig. 2.12.a-c). However, when the 
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CMFDA-labelled embryos were cryosectioned, the green fluorescent signals were 
too weak to be observed under ordinary light and confocal microscopes. 
2.3.7 p75 immunohistochemical staining on the caudal part of the embryo at El 0.5 
Embryos at El0.5 were first isolated (Fig. 2.15.a) and the caudal part of the 
embryo was transected at the trunk level (Fig. 2.15.b). When the neural tube, the 
surface ectoderm and other surrounding tissues were removed, it was found that the 
urinary bladder was still in connection with the hindgut through cloaca at this stage 
(Fig. 2.15.C). p75 immunohistochemical staining on the serial transverse sections 
through the (Fig. 2.15.d) and somite (Fig. 2.15.e) showed that p75 positive 
cells were located in the region near the dorsal aorta, while no positive cells were 
found in the gut mesentery (Fig. 2.15.d). At the levels of the and somite, p75 
positive cells were also found in the regions between the somite and the neural tube, 
which were also the regions where WGA-Au or Dil-labelled cells were located 
(compare with Fig. 2.3.a，c and Fig. 2.7.a, c, d). It appears that p75 positive cells 
were located along a pathway which is continuous with the medial pathway of the 
neural crest cells and extended ventrally to the region near the dorsal aorta (Fig. 
2.15.e). In the regions caudal to the somite, the gut mesentery became very much 
t 
shortened and could not be clearly identified (Fig. 2.15.f and g). Hence caudal to the 
28th somite, the gut lacked a mesentery. At the levels of the and somite, 
many p75 positive cells were found located in the mysenchyme between the dorsal 
aorta and the cloaca (Fig. 2.15.f and g). No p75 positive cells were observed in the 
“ 
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cloaca. 
2.3.8p75 immunohistochemical staining on embryos labelled with Dil 
It appears that p75 positive cells were also found along the pathways where 
WGA-Au or Dil-labelled cells were located. It is possible that p75 can also be used 
as a marker for early migrating sacral neural crest cells in the pelvic mesenchyme 
before crest cells reach their destination. To test this possibility, the caudal part of the 
neural tube of embryos at E9.5 were first labelled with Dil and the labelled embryos 
were then cultured for 36 hours. At the end of the culture period, the embryos were 
fixed, sectioned and stained with the anti-p75 antibody. After 36 hours in vitro 
culture, no abnormalities were found in these embryos. The p75 
immunohistochemical staining of the serial sections through the level of the 
somite showed that many of the cells of the neural tube and cells in the region of 
dorsal root ganglia and around the dorsal aorta were labelled with both Dil 
fluorescent signals (Dil+) and p75 immunofluorescent products (p75+) (Fig. 2.16.a-g). 
Many Dil+/p75+ cells were present along the medial pathway between the neural tube 
and the somite (Fig. 2.16.C and f). At the levels of the 29'^  to 39'^  somite, Dil+/p75+ 
cells were also found along in the medial pathway (Fig. 2.17.a-c and g-i) and the 
dorsolateral pathway (Fig.2.17.d-f). The result of p75 immunostaining on sections of 
Dil-labelled embryos hence demonstrated that most of the Dil+ cells were also p75+， 
while not all p75+ cells were doubly labelled with Dil (i.e. many were DiI7p75+). 
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2.4 Discussion 
The vertebrate enteric nervous system (ENS) consists of a mass of neurons 
and glial cells that regulate intestinal peristalsis and many other alimentary functions. 
The ENS originates from two groups of neural crest cells (NCCs), the vagal NCCs 
and sacral NCCs (Yntema and Hammond, 1954, 1955; Andrew, 1971; Le Douarin, 
1982; Rothman and Gershon, 1982; Epperlein et al, 1990). Vagal NCCs, which 
emigrate from the levels of the to somite, are the major source of the ENS (Le 
Douarin and Teillet, 1973; Peters-van der Sanden et al., 1993; Yntema and 
Hammond, 1954; Bums and Le Douarin, 1998). Sacral NCCs derive from the region 
of the neural tube at the axial level caudal to the somite in the chick and the 
somite in the mouse (Le Douarin and Teillet, 1973, 1974; Pomeranz and Gersgon, 
1990; Pomeranz et al, 1991; Sterbedzija et al., 1991). In the past twenty-five years, 
the contribution of the sacral NCCs to the ENS has been controversial, despite many 
studies in avian (Bums et al., 2000; Bums and Le Douarin, 1998; Le Douarin and 
Teillet, 1973, 1974; Pomeranz and Gershon, 1990; Pomeranz et al” 1991) and 
murine embryos (Erickson and Goins, 2000; Pomeranz and Gershon, 1990; Wu et al, 
2000; Serbedzija et al., 1991; Kapur, 2000; Young et al., 1998). In 1998，Bums and 
his colleagues utilized quail-chick chimeras to demonstrate that the sacral NCCs give 
rise to 17% of the ENS in the chick (Le Douarin and Teillet, 1973). In the mouse, 
however, the evidence for the similar contribution to the ENS as in the chick has just 
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been reported (Anderson et al., 2005) but the timing of emigration of sacral NCCs 
from the neural tube and the stage at which the sacral NCCs start to enter the hindgut 
are still far from clear. In this Chapter, cell markers (WGA-Au, Dil and CMFDA) 
and the antibody to p75 were utilized to trace the migration of the sacral NCCs 
during their early migration. 
2.4.1 Embryos at E9.5 cultured with an intact yolk sac membrane grew better than 
those with the yolk sac membrane cut open 
In this study, mouse embryos were explanted and cultured in vitro with a 
whole embryo culture system. The success with the in vitro mouse embryo culture is 
probably related to the important function of the yolk sac membrane during 
development (Freeman, 1990). The development of the vitelline circulation on the 
yolk sac membrane is crucial to the delivery of nutrients to the embryo and 
elimination of metabolic waste (Beck et al, 1967b). The establishment of the 
vitelline circulation in the rodent is accompanied by rapid growth and organ 
formation in the embryo and precedes the appearance of a functional chroioallantoic 
placenta and haemotrophic nutrition (Beck et al., 1967b; Meehan et al., 1984). In the 
mouse, the yolk sac circulation begins at around E8.5 (Denis, 1990). As the 
development of the embryo becomes complex after E10.5, for some unknown 
reasons, the expansion of the yolk sac in vitro cannot keep up with the rapid growth 
of the embryo, and thus in the whole embryo culture, the yolk sac is usually dissected 
opened, giving enough space for the he normal development of the embryo. As there 
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is no report on what type of whole embryo culture techniques, namely the open and 
closed yolk sac culture methods, is suitable for embryos of the stage at which the 
sacral NCCs start to migrate (presumably at E9.5), in this study, these two culture 
methods were examined using explanted embryos at E9.5. After one-day culture, 
comparisons of the morphological appearance and the morphological scores 
indicated that embryos developed with a closed yolk sac culture method grew better 
than those in open yolk sac culture. It appears that after one day in culture, the 
expansion of the yolk sac was still able to keep up with the enlargement of the 
embryo until El0.5 (the stage at which the culture ended), and hence the membrane 
itself did not seem to impede the development of the embryo in vitro before El0.5. 
Furthermore, in open yolk sac culture, the yolk sac membrane has to be cut open and 
some vitelline vessels would inevitably be damaged. However, when the closed yolk 
sac culture method was used, the membrane remained intact and no vitelline vessels 
had been damaged, providing good opportunities to the vitelline circulation to 
develop normally. Hence, for the studies of embryos at E9.5, the whole embryo 
culture with closed yolk sac was used. However, after E10.5, the growth of the yolk 
sac membrane can on longer keep pace with that of the embryo (Cockroft, 1990) and 
therefore the open yolk sac culture was the method of choice for embryos at El 0.5. 
2A.2. Migration at the levels of the 24"' to 28"' somite 
In this study, WGA-Au, Dil or CMFDA was microinjected into the neural 
tube region between the levels of the to somite. Since WGA-Au has been 
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shown to be a stable short-term cell marker (Tarn and Beddington 1987; Chan and 
Tarn 1988)，it was used to label the cells for 24 hours. Dil is a relatively long-term 
cell marker whose fluorescence can even last for several days. Thus, Dil is used to 
label the embryo for about 36 hours until the whole embryo culture can no longer 
support the normal growth of mouse embryos in vitro. The distributions of the 
WGA-Au positive cells in the embryos which were cultured from E9.5 to El0.5 
indicate that sacral NCCs emigrate from the dorsal part of the neural tube and 
migrate along two pathways: dorsolateral pathway lying between the surface 
ectoderm and the somite, and the medial pathway extending between the somite and 
the neural tube. After 1 day of whole embryo culture, only few cells with WGA-Au 
labelling were located along the dorsolateral pathway, and they were so few that they 
were not very easy to be identified. Some of WGA-Au positive cells along the 
medial pathway stayed in the region of the dorsal root ganglia, presumably giving 
rise to cells of dorsal root ganglia. Some labelled cells along the medial pathway 
migrated more ventrally than the cells in the region of dorsal root ganglia. The most 
ventrally located cells were in the mesenchymal region close to the dorsal aorta. This 
medial pathway at the early stage was also found in the sacral crest region of the 
chick embryo (Bums and Douarin, 1998) and was similar to that in the trunk of the 
mouse (Serbedzija et al., 1990). In Bum's study of quail-chick chimera where quail 
NCCs were orthotopically transplanted to a chick host (Bums et al., 1998), the 
quail-derived sacral NCCs emigrated from the neural tube and formed the dorsal root 
ganglia. Other cells continued to migrate along a medial pathway via the regions 
T^T： 
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close to the dorsal aorta to the dorsal wall of the hindgut. In the present study, during 
the limited labelling period of WGA-Au (for one day only, after which the WGA-Au 
labelling will gradually lose) in vitro, the most ventrally located labelled cells were 
found in the regions around the dorsal aorta and no labelled cells have yet found in 
the hindgut, implicating that the labelling period may not be long enough to allow the 
NCCs to reach their destination. Hence, Dil was also used in order to extend the 
labelling period. However, it was found that the whole embryo culture method could 
support the normal development of the embryos at E9.5 outside the uterus for 36 
hours only. Hence even Dil was used, the labelling period for whole embryo culture 
could only run from E9.5 to El 1.0 as limited by the culture method. Similar 
observations were made as in the WGA-Au labelling: in Dil labelling, the most 
ventrally located labelled cells were found in the regions around the dorsal aorta, 
without reaching their destination, hindgut, yet. These observations are in line with 
the findings in other studies of NCCs migration (Kapur, 2000; Anderson et al., 2005; 
Young, 1999), which all suggested the sacral NCCs take more than one day to get to 
their final locations. However, in one exceptional study where the migration of sacral 
NCCs was examined with Dil labelling, Dil positive cells were found in the hindgut 
when the embryos were cultured from E9.5 to E10.5 (Serbedzija et al., 1991). One 
possible explanation for the discrepancy may be that the labelled cells observed in 
the hindgut in Serbedzija's study may not come from the sacral crest, because Dil 
could be easily injected into blood vessels adjacent to the neural tube or some other 
regions instead of the neural crest. In the present study, it was also found that about 
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7-8% of embryos were mistakenly injected with WGA-Au or Dil into their vessels 
(see Table 2.2), and WGA-Au and Dil positive cells were observed in the hindgut 1 
or 1.5 days following the in vitro culture. With fast green (in WGA-Au labelling) and 
haematoxylin (in Dil labelling) counter-staining, it was clearly shown that these 
positive cells were epithelial cells or within the vessel, and they were not derived 
from the neural crest. This counter-staining helped to exclude those embryos with the 
marker injected into blood vessels. 
When the preparation of whole embryo (whole mount preparation) was put 
under a confocal microscope, straight streams of Dil signals were observed 
extending from the neural tube to the pelvic mesenchyme. It seems that these streams 
were clearly separated from each other and only passed through the rostral portion of 
the somite. Previous studies of the migration of trunk NCCs also found that NCCs 
migrated exclusively through the rostral portion of each somite in all three species: in 
avians, rats and mice (Rickmann et al, 1985; Bronner-Fraser, 1986; Erickson et al” 
1989; Serbedzija et aL, 1989, 1990)，suggesting that a similar mechanism of 
segmental migration through the somites was also operating in the sacral region. 
As mentioned above, the present study showed that the most ventral front of 
the Dil positive cells was not obviously far from that in the embryos with WGA-Au 
labelling even though the culture period was extended to 36 hours. Nevertheless, the 
number of Dil-labelled cells was increased in the pelvic mesenchyme in general and 
in particular, along the dorsolateral pathway under the surface ectoderm. They were 
more in number as compared to those along the same pathway in the WGA-Au 
Chapter 2 Migration to pelvic mesenchyme: 
Discussion 
labelled embryos. The possible explanations for these increases in the numbers of 
labelled cells after the culture periods were extended include: 
a. The labelled cells already present in the pelvic mesenchyme continued to 
divide and gave rise to more labelled cells in the mesenchyme. This is most 
likely to happen in the rapidly developing embryos; 
b. The strongly fluorescent signals from the marker Dil were more readily to be 
picked up under a microscope than the WGA-Au particles whose sizes were 
very much dependent on the silver enhancement staining. The size of small 
intracellular WGA-Au particles may not be enhanced in the silver staining to 
such an extent that the signals can be observed easily with light microscopy. 
In other words, Dil labelling may be a more sensitive method to label cells 
than WGA-Au labelling. 
c. The sacral NCCs continued to migrate from the neural tube even after E10.5 
so that more labelled cells were found in the pelvic mesenchyme when the 
culture period was extended to 36 hours. This possibility was excluded at the 
level of the to somite because when the neural crest was labelled at 
this level in embryos at El0.5 and then the labelled embryos were cultured 
for one day, no labelled cells were found to come out the neural crest (see 
y 
below). 
Some studies (Tosney and Oakley, 1990; Oakley et al” 1994; Krull et al., 
1997; Wang and Anderson, 1997) showed that barrier molecules (PNA-binding, C6S, 
Lerk2 and HtkL) that inhibit neural crest migration are expressed by the dorsal aorta. 
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However, based on the observations made in the present study, this does not seem to 
be the same in the sacral region of the mouse because numerous labelled NCCs were 
found in the regions surrounding the dorsal aorta. 
2.4,3 Migration at the levels of the 29"' to 33"' somite 
In the mouse, it has been suggested that sacral NCCs originate from the 
region of the neural tube at levels caudal to the somite, and most of the labelled 
cells (WGA-Au or Dil labelled) in the sacral region were found to derive from the 
level of the 24 '^' to 28出 somite. At and caudal to the 29出 somite, the mesentery 
becomes very short and gradually disappeared. Further caudally at the level of the 
30th somite, the hindgut ends, where the anus is formed. To date, no studies have 
examined carefully the migratory behavior of sacral NCCs at these two caudal levels, . 
namely, the level between the to somite and the level between the 30^ 
somite to the caudal end of the neural tube. In the present study, WGA-Au or Dil 
labelling also allows us to determine NCC migration at these two caudal levels. At 
the levels of the to somite, labelled cells started to migrate from the neural 
tube after E10.5 (NCCs at the level of the to 28th gomite start to migrate at E9.5), 
and they also migrated along the medial and the dorsolateral pathways. In the whole 
> 
mount preparation where whole embryos were put under a microscope without 
sectioning, streams of labelled cells were found mainly in the rostral part of each 
somite. Similar observation was also made in the upper levels between the and 
28th somite. In the trunk, similar migration of NCCs through the rostral part of the 
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somites has also been reported (Rickmann et al., 1985; Bronner-Fraser, 1986; 
Erickson et al.’ 1989; Serbedzija et al., 1989，1990). It has been proposed that some 
molecules (Lerk2 and HtkL) which are expressed in the caudal part of somite might 
be repulsive guide for both crest migration and motor axon outgrowth while other 
molecules (peanut agglutinin-binding molecules) in the rostral part of the somite 
were required for the segmental patterning of trunk neural crest migration (Krull et 
al., 1995). In addition, at the level of to 30 '^' somite and in the p75 
immunohistochemical study where p75 is most probably a marker for the sacral 
NCCs (see below), some p75 positive cells had a very similar distribution pattern as 
the Dil-labelled cells. They were found in the regions very close to the hindgut 
mesenchyme, much closer than what was observed at the upper levels between the 
24th somite and somite. It seems that NCCs at more caudal levels may be able to 
reach the hindgut earlier than those at the upper levels. Whether this is due to the 
higher speed of NCCs migration in more caudal regions is not known. However, 
because of lack of the mesentery in these caudal regions, the distance between the 
neural tube and the hindgut is shorter and hence it is possible the NCCs can reach 
their destination earlier if their migration rates are the same at all axial levels. Same 
conclusion was reached by Erickson and Goins (2000) in their quail-chick chimera. 
I 
In the same study, Erickson and Goins also demonstrated that the microenvironment 
was an important factor affecting the migration of the sacral NCCs in chick embryos. 
However, in the present study, the effect of the environment cannot be examined just 
by labelling. Further study will be done by using grafting if the effects of the 
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environment on the migration are to be determined. 
Further caudally between the levels of the to somite, Dil positive 
cells were found to form the dorsal root ganglia and contribute to the motor axons 
after migrating from the neural tube. However, because of the limitation of culture 
system and the labelling period, the present study is not able to determine whether 
those migrating cells can migrate into the hindgut or not. When the more caudal 
regions were examined, no Dil or WGA-Au labelled cells were found to migrate 
from the region at or caudal to the level of the somite, an observation which is 
also consistent with our previous findings (Chan, 1997). As a conclusion, migrations 
of the sacral NCCs at different levels are drawn in Fig. 2.18. 
2.4.4 Sacral NCCs migrate along a straight dorsolateral pathway 
On leaving the neural crest, sacral NCCs migrated along two pathways (see 
section 2.4.2). One of them was the dorsolateral pathway underneath the surface 
ectoderm. In most studies (zebrafish, chick and mouse), the cells along this pathway 
become pigment cells, including melanophores, iridophores, and xanthophores (for 
review, see Erickson, 1993; Erickson et aL, 1998; Vaglia and Hall, 2000). Previous 
studies (Erickson and Weston, 1983; Erickson and Reedy, 1998; Wilson et aL, 2004) 
demonstrated that within the trunk level, NCC migration into the dorsolateral space 
is delayed in the chick and mouse by more than 24 hours compared with NCCs that 
take the medial (sometimes referred as ventral) pathway. They demonstrated that the 
delay in dorsolateral migration relative to medial (or ventral) migration may reflect a 
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delay in the emigration of melanogenic neural crest cells from the neural tube. 
However, in axolotl, pigment cell migration proceeds at the same rate or even in 
advance of neural crest cells taking the medial/ventral pathway (Lofberg et al., 1980). 
The migration of the sacral NCCs along the dorsolateral pathway in the mouse has 
not been reported. In this study, WGA-Au or Dil labelled cells along the dorsolateral 
pathway first became apparent in the space between the somite and the surface 
ectoderm at El 0.5 (after 1 day in vitro embryo culture) between the levels of the 
and 28th somite. However, the number of the labelled cells along this pathway was 
very small at this stage. The number was dramatically increased from El0.5 to El 1.0. 
However, no Dil positive cells were observed in the dorsolateral pathway when the 
Dil was injected into the neural tube after E10.5. Thus this indicates that the 
migration of the sacral NCCs along the dorsolateral pathway commenced before 
El0.5，which was similar to the trunk crest cells in Serbedzija's experiment (1990). 
Because of the limitation of the embryo culture in vitro, the NCCs migration along 
the dorsolateral pathway could not be traced further beyond El 1.0. In a study on 
mouse NCC lineages, Wilson (2004) showed the dorsolateral migration commenced 
later than the ventral migration. However, they examined the NCC migration only by 
immunohistochemical staining of embryos developed in vivo. The migration of 
NCCs in the dorsolateral pathway at some earlier stages may not be detected if NCCs 
did not express the antigen examined. In addition, another possibility for failure of 
detecting early migrating cells along the dorsolateral pathway is that these 
sacral-derived cells coming out from the dorsal part of the neural tube before El0.5 
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were in the space between the ectoderm and somite, the location which is very close 
to the surface ectoderm and the cell number is so small that they cannot be identified 
easily. 
Comparative studies of both the commonalities and differences between the 
avian and mouse migration pathway may provide important insights into the 
mechanisms of neural crest cells migration. For example, differences in the 
microenvironments through which the cells migrate should implicate molecular and 
physical mechanisms that influence cell movement (Henion and Weston, 1997). On 
the other hand, the differentiation ability of the cell itself can also affect the timing 
and migration pathway. A working model suggested that multipotent neural crest 
cells that disperse ventrally upon separation from the neural tube preserve neurogenic 
ability and lose melanogenic ability, whereas those cells that are arrested at the 
entrance to the dorsolateral path lose neurogenic ability so that the population 
becomes primarily melanogenic (for a review, see Erickson, 1993). 
2.4.5 Most of the Dil positive cells are p75 positive，but not all of the p75 positive 
cells are Dil positive 
p75 is always used as a specific marker to label the vagal NCCs in the gut of 
» 
the mouse (Baetge et al., 1990; Lo and Anderson, 1995). Chalazonitis (1998) showed 
that mRNA encoding the neuron-specific protein, NF-M, was expressed by cultured 
cells immunoselected from the El4.0 rat gut using antibodies to p75, but was not 
expressed by the residual cells, suggesting that antibodies to p75 recognize all enteric 
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neuron precursors inside the gut. However, it is still unresolved whether sacral NCCs 
express p75 before entering the hindgut. In this study, a specific antibody to p75 was 
used to stain up the Dil-labelled cells. It was found that not all the cells in the neural 
tube were p75-immunopositive, but most, if not all, the Dil positive cells from the 
neural tube were p75 positive. Previous study (Wilson et al,, 2004) indicated that p75 
was expressed by NCCs within the dorsolateral pathway at El0.5 in the mouse, when 
they started to migrate. In current study, we found the Dil labelled sacral-derived 
cells along the dorsolateral pathway expressed p75. However, we did not observe the 
p75 expression on these cells within the dorsolateral pathway before E10.5. It may be 
due to the fact that the cell number was so small that immunohistochemical method 
was not sensitive to pick them up. Another possibility is that the sacral NCCs in the 
dorsolateral pathway did not express p75 before El0.5. Wilson et al (2004) 
indicated that at E9.5 cells along the medial/ ventral pathway expressing p75 gave 
rise to the ventral NC derivatives, such as peripheral neurons and glia. Furthermore, 
neural crest cells isolated from the ventral path did not give rise to melanocytes when 
explanted in culture (Reedy et al., 1998). The expression of p75 on sacral NCCs at 
early stage seems to be destined at early stages, suggesting a link between p75 
expression and migration direction for these cells. One way to verify this would be to 
t 
label the dorsal neural tube with a traceable dye at E9.5, to see where the p75 
expressing cells migrate after several days. However in this study, in vitro embryo 
culture cannot support the normal development of embryos for more than two days, 
and therefore sacal NCCs cannot be traced all the way to the hindgut. In order to 
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determine the further migration of the sacral NCCs from the pelvic mesenchyme to 
the hindgut, experiments and studies were carried out in the next chapter. In 
conclusion, the observation that most of the Dil-labelled cells derived from the 
neural tube were also p75 immunoreactive indicates that p75 can be a good and 
special marker for labelling the sacral NCCs in the medial/ventral pathway before 
they enter the hindgut. However, with the development of the embryo, the pattern of 
p75 staining will become more complex and cells other than the sacral NCCs within 
the pelvic mesenchyme may also express p75 (von Schack et al., 2001; Scarisbrick et 
aL, 1993). Thus, when p75 is used as the marker for sacral NCCs, the 
immunoreactive pattern has to be interpreted with great caution. 
/ 
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Chapter 3 
Migration from the pelvic mesenchyme to the hindgut 
3.1 Introduction 
The gastrointestinal tract is formed from cells derived from all three 
primary embryonic germ layers: the endoderm gives rise to a range of adsorptive, 
goblet and endocrine cells of the inner epithelial lining; the mesoderm provides 
connective tissue cells, interstitial cells of Cajal, smooth muscle, vascular and 
lymphatic elements; and the ectoderm, via the neural crest, provides the neurons and 
glia of the enteric nervous system (ENS). The cells of the embryonic gut divide, 
differentiate and lay down the extracellular matrix, an important structural element, 
via complex intercellular interactions which unfold from early development and 
extend to the adult stage (Kedinger and Newgreen, 1997). The times at which the 
many cell types differentiate varies between cell types and also between different 
regions of the gastrointestinal tract. The gastrointestinal tract also undergoes complex 
morphogenesis of all three germ layer derivatives, which ultimately results in 
different regions of the gastrointestinal tract showing variation in gross form and 
histological appearance. 
/ 
In rodent embryos the midgut and hindgut appear initially as a simple tube 
of endodermal cells, arranged as a non-stratified epithelial layer of cuboidal to 
columnar cells, separated by a basal lamina from a thick but uniform layer of 
mesenchymal cells (Haffen et al” 1987; Yasugi and Mizuno, 1990)，which is 
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surrounded by the single-layer squamous mesothelium of the serosa. During early 
organogenesis of mouse embryos at embryonic day (E) E8.5 to around E9.0, 
although the thickness of the layer of mesenchymal cells varies, there is little sign of 
rostrocaudal differences, and neural crest-derived ENS precursor cells are absent. 
Over the next 5 to 7 days a remarkable series of morphogenetic changes occurs, so 
that the different regions of the gastrointestinal tract acquire their characteristic gross 
form, e.g. stomach, small intestine, large intestine and cecum. The differentiation 
starts with foldings of endodermal layers, which is the first step in the formation of 
villi and crypts, and then connective tissues, muscular layers and ENS appear and 
become concentrically organised (Brackett and Townsend, 1980), a distribution of 
tissues mirrored by extracellular matrix distribution (Simon-Assmann et al., 1986; 
Newgreen and Hartley, 1995). 
The ENS of vertebrates is composed of a large number of neuronal and 
glial cells organized into two ganglionic plexuses, namely the submucosal plexus and 
myenteric plexus, which are arranged as concentric rings in the wall of the bowel 
(Gershon et aL, 1994) (Fig. 1.2). A salient feature of the vertebrate ENS, which is 
unique to the peripheral nervous system (PNS), is that its neurons form highly 
complex local jeflex circuits, which function largely independently of the central 
nervous system (CNS) to control contractility of the smooth muscle layers of the 
bowel and secretions of the enteric glands (Fumess and Costa, 1987). 
The ENS of vertebrates is derived from the neural crest (NC) (Le Douarin 
and Teillet, 1973; Yntema and Hammond, 1954). Most enteric neurons and glial cells 
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arise from vagal neural crest cells (NCCs) (Le Douarin and Teillet, 1973). Sacral 
NCCs also give rise to some of enteric neurons and glial cells (Bums and Le Douarin, 
1998). In mouse and chick embryos, vagal NCCs destined to colonise the bowel 
emigrate from the neural tube at the level of the first to seven somites (Fig. 1.1), 
between E8.5 to E9.0 (Durbec et aL, 1996). Upon completion of their pre-enteric 
migratory phase and prior to entry into the foregut, the ENS precursors accumulate in 
a region of the embryo that lies ventral to the aorta and immediately posterior to the 
branchial arches (Durbec et aL, 1996). From this location and under the influence of 
unknown signals, they enter the foregut (E9.0-9.5) and migrate in a rostrocaudal 
direction to colonise the entire bowel (E9.5-13.5) (Durbec et aL, 1996; Jacobs-Cohen 
et al.’ 1987; Kapur et al., 1992; Rothman and Gershon, 1982; Rothman et al., 1984). 
The other source of ENS comes from the sacral neural crest which is the region of 
the neural tube caudal to the 28 '^' somites in the chick and the somite in the 
mouse (Bums et al., 2000; Bums and Le Douarin, 1998; Le Douarin and Teillet, 
1973, 1974; Pomeranz and Gershon, 1990; Pomeranz et al., 1991; Serbedzija et al., 
1991). In the mouse, there are two different views about the timing of the sacral 
NCCs entering the hindgut. Serbedzija's group (1991) demonstrated that the sacral 
NCCs entered the hindgut at E9.0 before vagal NCCs arrived at the hindgut by using 
/ 
Dil labelling, while in other studies the entry time of the sacral NCCs to the hindgut 
is after E14.0 (Kapur, 2000; Young, et aL, 1998). After entry and during the 
migration in the hindgut, the ENS progenitors increase in number and, upon arriving 
at their final destination sites, they differentiate into the various types of neurons and 
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glia of the mature ENS (Gershon and Tennyson, 1991). 
After most of structures are formed, many markers of terminal cell 
differentiation express. In the mesoderm, smooth muscle cells express a- and 
y-smooth muscle actin (SMA) and desmin (McHugh, 1995; Kedinger et al., 1990) 
while interstitial cells of Cajal express c-kit (Bemex et al., 1996; Torihashi et al., 
1997; Kliippel et al., 1988). The neural crest-derived cells start to express neuronal 
differentiation markers such as neurofilaments and neuron specific enolase (NSE), as 
well as specific neurotransmitters such as nitric oxide synthase (NOS), substance P, 
calcitonin gene related peptide (CGRP), and serotonin (Branchek and Gershon, 1989; 
Rothman and Gershon, 1982; Rothman and Gershon, 1984). The combinatorial 
expression of these molecules generates a chemical code that has been used to 
classify the neurons of the mammalian ENS into functionally distinct groups (Sang et 
al., 1997; Sang and Young, 1996). In addition to neurons, the ENS contains a large 
number of supporting glial cells which, unlike their counterparts in the PNS, express 
molecular markers, such as glial fibrillary acidic protein (GFAP), which are 
characteristic of CNS astrocytres (lessen and Mirsky, 1980). 
Many molecules are required for the proper colonization of the gut by 
crest-derived cells (Gershon, 1999; Newgreen and Young, 2002a, b; Parisi and Kapur, 
t 
2000; Taraviras and Pachnis, 1999). Several studies have demonstrated that 
signalling molecules derived from the mesenchyme of the gut wall play important 
roles in the differentiation of the ENS and that its normal morphogenesis and 
functional organization are dependent on the maintenance of the three-dimensional 
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organization of the fetal bowel (Baetge et al, 1990; Gershon et al, 1993; Mackey et 
a/., 1988). Thus the formation of the ENS in mammalian embryos depends on a 
series of overlapping developmental processes that are controlled by a complex set of 
interactions between the vagal and sacral NCCs and the surrounding mesenchymal 
cells. 
In the mouse, a growing body of evidence has already shown that sacral 
NCCs give rise to the ENS, but however the questions remained are when the cells 
enter the hindgut and how they enter the hindgut. As observed in Chapter 2，the 
embryo culture can only support the normal development of mouse embryos from 
E9.5 to Ell.O in vitro. The results of the embryo culture indicate that the sacral 
NCCs emigrate from the neural tube at E9.5 and reach the pelvic mesenchyme 
around the dorsal aorta at Ell.O. At this stage, no sacral NCCs have yet to arrive at 
the hindgut, and vagal NCCs are still migrating rostrocaudally in the anterior part of 
the developing gut without reaching the hindgut yet. It is therefore possible that the 
sacral NCCs need to take a few more days for them to migrate more ventrally to 
enter the hindgut. Since the whole embryo culture is unable to support the 
development of embryos for more than 1.5 days, we have to develop other methods 
to extend the culture time in vitro to observe the further migration of the sacral NCCs 
from the pelvic mesenchymal region around the dorsal aorta to the hindgut. 
Previously the only information about the migration of enteric crest cells in 
the mouse has mostly been obtained from fixed samples of gut in vivo. Some of these 
studies have provided a timetable by which crest-derived cells colonize the gut of 
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many species (Fu et al., 2003; Kapur et al., 1992; Newgreen and Hartley, 1995). 
Several inferences have been made about the migration of the neural crest-derived 
cells in the gut from static studies (Conner et al.’ 2003). In the chick, chick-quail 
chimeras have been a valuable method to observe the migration and differentiation of 
neural crest cells in vivo (Le Douarin and Teillet, 1973; Bums and Le Douarin, 1998). 
Attempts to grow the embryonic gut outside its normal site so that it can be 
experimentally manipulated have also been made. In some previous studies, the 
overall morphogenesis and cell differentiation of the gut occur relatively normally in 
explants of embryonic gut grown in quasi-/" vivo sites such as the murine kidney 
capsule (Kapur et aL, 1992; Nishijima et al., 1990; Young et al., 1996; Gabriel et al” 
1992), the coelomic cavity (Simon-Assmann and Kedinger, 1993)，and the avian 
chorio-allantoic membrane (Allan and Newgreen, 1980; Newgreen et al.’ 1980). 
Tissue cultured using these techniques, however, is barely more accessible to 
experimental manipulation than when in vivo, and the medium in which they are 
grown (and thus the factors that they are exposed to) cannot be manipulated. The 
differentiation of cells of the gastrointestinal system has also been extensively and 
successfully studied in culture, both as cell monolayers and organ cultures (Quaroni, 
1985; Baetge et al., 1990; Rothman and Gershon, 1982; Kedinger and Newgreen, 
/ 
1997). Organ culture is a method in which the experimental manipulations can be 
done in vitro condition and the development of the tissue can be observed directly. 
The organ culture model of embryonic gut has the advantage that endogenous 
determinants of gut development can be studied in isolation under the native cellular 
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and structural environment of the tissue, and the local chemical environment of the 
tissue can be precisely manipulated. However, the normality achieved in these 
cultures has been local, and large scale, three-dimensional, organ-wide integrated 
morphogenesis has been difficult to reproduce in vitro. In Ream's experiments 
(1999)，she established a catenary gut culture system and proved that in this system 
all three germ layers of gut segments developed normally without the problem of 
eversion, whereby the gastrointestinal tract remodeled itself in vitro such that the 
epithelial layer with villi and absorptive cells formed on the outside of the tissue 
explant (Quaroni, 1985), and in addition, in the organ culture, the gut was able to 
elongate and bent (unlike on solid support cultures), while retaining its rostrocaudal 
identity. The behavior of the vagal NCCs has been successfully investigated in the 
same organ culture system by using time-lapse imaging to observe the dynamic 
mechanisms that influence the behavior of vagal crest-derived cells in the gut (Young 
et al, 2004). 
In this chapter, a gut culture system was established in which the 
differentiation of many cell lineages was supported. Agarose and tungsten needles 
were used to support the growing hindgut instead of using filter papers or putting 
directly in the .culture medium (Heam, et al., 1999; Young et al, 2004). The greatest 
/ 
advantage of this culture system is accessibility to physical manipulation and easy 
cell labelling prior to and during culture. Over the period of gut culture, normal 
morphogenesis of all the component tissues of the gut, including the ENS, occurs. 
The problem of eversion in the gut culture is also avoided in this culture system. In 
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this part of the study, the hindgut from mouse embryos at Ell .5 was explanted 
together with the adjacent mesenchymal tissue around the dorsal aorta where the 
most ventrally located sacral NCCs were accumulated (see Chapter 2). At this stage, 
the vagal NCCs have not yet reached the hindgut (Kapur et al., 1992; Pachnis et al.， 
1993; Young et al, 1998). Before the whole explant was cultured in an organ culture 
system, Dil was used to label the mesenchymal tissue around the dorsal aorta. The 
hypothesis was that if sacral NCCs have already migrated to the mesenchymal region 
around the dorsal aorta as shown in Chapter 2，the sacral NCCs should be labelled 
with Dil in the explant. After several days of gut culture in vitro, these labelled sacral 
NCCs should have entered the hindgut, meaning that Dil positive cells could be 
found in the hindgut. A marker for neural crest-derived cells, p75 (see Chapter 2) and 
another marker for a-smooth muscle actin (SMA) were chosen to mark the sacral 
NCCs and the smooth muscle in the gut respectively after the cultured hindgut were 
fixed and sectioned. By locating the cells doubly labelled with Dil and the neural 
crest-marker, we could examine the migration of the sacral NCCs from the pelvic 
mesenchyme to the hindgut. 
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3.2 Materials and Methods 
3丄 1 Isolation of hindguts with or without adjacent tissues from embryos at El0.5 
to E13.5 
Embryos with the intact yolk sac membrane and placenta cone were 
dissected from the uterus of the pregnant ICR mice at E10.5，E11.5, E12.5 and E13.5. 
Embryos were then put to a dish containing with PBl (37�C) and the yolk sac 
membrane was gently opened. With the yolk sac membranes removed, embryos were 
transected through a region at an axial level above the hindlimb bud (i.e. rostral to 
the level of the 24(卜 somite). The hindlimb buds, tail, somites and neural tube were 
carefully removed from the caudal segments of the embryos. Mesonephroses lying 
beside and ventral to the dorsal aorta were also removed. At E10.5 and Ell.5, the 
urinary bladder had been partially formed and connected to the cloaca. It was also 
dissected away from the cloaca. When the dissection was finished, the hindgut was 
only left with the dorsal aorta and the pelvic mesenchymal tissue around it (For 
simplicity and easy description in the following discussion, only the pelvic 
mesenchymal tissue attached to the explanted hindgut would be mentioned as it was 
/ 
one of the main focuses of this part of study, while the dorsal aorta, which was also 
attached to the explant, would not be specifically mentioned again if seemed 
unnecessary). The hindguts with the adjacent pelvic mesenchymal tissues at different 
embryonic stages were examined carefully before injection and organ culture to 
- 7 3 -
Chapter 3 Migration to hindgut: 
Materials and Methods 
make sure they were free of other tissues. 
3.2.2 Microinjection of Dil into the pelvic mesenchymal tissue of the hindguts 
Dil, which was prepared according to the method described in Section 2.2.9 
in Chapter 2, was microinjected into the mesenchymal tissue around the hindgut (see 
Fig. 3.13.a and b) by using a mouth pipette. Dil labelled tissues were checked under 
an epifluorescence microscope to make sure that Dil was properly injected into the 
target sites and no leakage or spillage of Dil went into the hindguts. 
3.2.3 Preparation of the culture medium 
The culture medium was composed of 10% fetal calf serum and 1% 
antibiotic (penicillin lOOunit/ml plus streptomyein 100|Lig/ml) in Dulbecco's 
Modified Eagle Media (DMEM) (Invitrogen, 12800). The culture medium was 
prepared in advance and stored at 4°C. The color of the pH indicator in the medium 
generally indicated the pH of the culture medium. 
3.2.4 Preparation of the culture dish 
4% agarose in double distilled water was prepared and autoclaved. The 
agarose was warmed up to 60°C, diluted to 2% by DMEM and transferred to an 
organ culture dish (Falcon, 353037) the day before culture. When the agarose was 
cooled down and solidified, more DMEM was added to cover the surface of the 
solidified agarose to equilibrate the pH of the agarose (Fig. 3.1.a). The dishes were 
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put into an incubator supplied with 5% CO2 at 37�C for one day (Fig. 3.Lb). The 
next day, DMEM in the dish was removed and the gut culture medium (1 ml) was 
added into the culture dish until the agarose block was covered (Fig. 3 .1.C). Up to 
three pieces of hindguts were cultured in one dish. 
3.2.5 Gut culture 
The hindguts with surrounding pelvic mesenchymal tissues (with or without 
Dil labelling) were laid on the agarose block and held stably by one tungsten needle 
by putting the needle through the mesenchymal tissue. The needle should be pinned 
as peripheral to the explant as possible and should not be put to any regions of the 
hindgut to block the potential migratory pathway. More culture medium was added to 
suspend the explants and autoclaved, sterile distilled water was added in the outer 
well of the organ culture dishes. The dishes with the explants were placed in an 
incubator supplied with 5% CO2 at 37°C for several days. Two thirds of the culture 
medium were refreshed every two days. In the Dil labelling experiments, all the 
manipulations were carried out under dim light. The explants were harvested after 
2.75 or 3 days and fixed in paraformaldehyde for further examinations. 
3.2.6 Cryosections of the hindguts after in vitro culture 
The hindgut explants were processed for cryosectioning following the 
method described in Section 2.2.15 in Chapter 2. 
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3.3 Results 
3.3.1 Hindguts isolated from embryos at El 0.5, El 1.5, El 2.5 and El 4.5 
Before the hindgut organ culture was carried out, in order to have a better 
and clearer idea of the structures near the dorsal aorta, which was the area where 
labelled NCCs were found following labelling, the tissues that should be isolated for 
organ culture and the approaches to the dissection of tissues, a series of 
morphological as well as histological studies were done with embryos or hindguts at 
different developmental stages. The hindguts were isolated directly from embryos at 
EIO.5 (Fig. 3.4.d and 3.5.a), E11.5 (Fig. 3.6.b), E12.5 (Fig. 3.8.a) and E14.5 (Fig. 
3.12.a). 
Mouse embryos at E9.5 are very small and it is very difficult to dissect a 
clean and intact hindgut out for organ culture. In addition, sacral NCCs at E9.5 have 
just started migration (see Results of Chapter 2)，and they have not yet reached the 
pelvic mesenchymal tissues around the dorsal aorta. Therefore the hindgut and its 
surrounding mesenchyme at this stage would not be used for organ culture and the 
corresponding .morphological studies were not carried out in detail. However, for 
illustration purposes, Figure 3.2 shows a diagram of the midsagittal section of an 
embryo at E9.5. The midgut is the middle segment of the intestinal tract including 
the portions of the duodenum, ileum, jejunum, ascending colon and part of the 
transverse colon. The posterior (caudal) part of the intestinal tract including the 
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caudal half of the transverse colon, the descending colon, the sigmoid colon, the 
rectum and the upper part of the anal canal is referred as the hindgut. In fact, in 
mouse embryos at early stages (before Ell.5), the intestinal tract is a simple tube and 
the boundary between the midgut and the hindgut is obscure and not well-defined. In 
the present study, the part of the hindgut which extended from the midpoint between 
the cecum and the caudal end of the hindgut was taken out for organ culture at this 
stage (the portion of the hindgut extending from the dotted line in Fig. 3.2 to the 
caudal end of the hindgut). At this stage, the midgut is connected to the yolk sac by 
means of the vitelline duct or yolk stalk (Fig. 3.2). 
At El 0.5, the midgut became longer and the cranial part of it extruded out of 
the abdominal cavity (Fig. 3.3 and Fig. 3.4.b, c). The urinary bladder had formed and 
was connected with the terminal hindgut in the cloaca (Fig. 3.3 and Fig. 3.4.d). The 
transverse sections of the embryo showed that the cloaca was connected with the tail 
gut at this stage (Fig. 3.4.f). 
When the hindgut and its surrounding pelvic mesenchymal tissue were 
isolated from the embryo at El 1.5，it was found that the gut (Fig. 3.6.b) had become 
longer than that at E10.5 (compared with Fig. 3.4.d). By this stage of embryogenesis, 
the genital ridges were found to be attached to the dorsal body wall on either side of 
the spinal cord (Fig. 3.6.a). 
At E12.5, the urinary bladder was separated from the terminal hindgut to 
become a single organ (Fig. 3.8.a). The urinary and intestinal tracts were separated 
when the cloaca became partitioned by the urorectal septum (Fig. 3.7.b), and the 
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terminal hindgut became the rectum (Fig. 3.7.b). At this stage, the mesonephros 
became regressed and the metanephros was more complex (Fig. 3.8.a). From the 
axial level of the 27 '^' somite, the hindgut mesentery became shorter and flatten out 
so that it could not be obviously distinguished from the adjacent tissues (Fig. 3.8.f). 
At and caudal to the axial level of the 29 '^' somite, the gut mesentery was merged 
with the tissues nearby and no mesentery was observed (Fig. 3.8.g and 3.8.h). In the 
mouse embryo at early stage, it is difficult to demarcate the boundary between the 
rectum and the sigmoid colon. Thus, in this study, the hindgut between the levels of 
the 29th to 30th somite which the gut mesentery was merged with the pelvic 
mesenchyme nearby was considered as the rectum. 
From E13.5 to E14.5, the structures become more complex. At E14.5，the 
gut and the urogenital system matured (Fig. 3.12.a), and genital ridges developed 
into gonads. It was easy to distinguish between a testis and ovary (Fig. 3.12.a). 
3.3.2 p75 immunohistochemical staining of the serial sections through the caudal 
part of embryos 
It had been shown in Chapter 2 that p75 could be a good marker for early 
NCCs before they entered the hindgut (see section 2.4.5 in Chapter 2). In Chapter 2 
(section 2.3.7), embryos at E10.5 had been examined using p75 
immunohistochemical staining (Fig. 2.15. d-g; the same figure is Fig. 3.5.b-e), and it 
was found that labelled NCCs, which were also p75 positive, were found migrating 
along the medial pathway to the pelvic mesenchyme around the dorsal aorta between 
- 7 8 - “ ‘ 
Chapter 3 Migration to hindgut: 
Results 
the levels of the 24出 to 28出 somite (Fig. 3.5.b and c). Other positive cells were found 
located in the mesenchyme between the cloaca and dorsal aorta between the levels of 
the 29th to 30th somite (Fig. 3.5.d and e). 
In this Chapter, p75 was used as a marker for early migrating neural crest 
cells and the distribution of p75 positive cells might give us an idea of how the early 
neural crest cells migrate through the pelvic mesenchyme to enter the gut tube. 
Intact embryos at El 1.5 to El4.5 were isolated and fixed after the extraembryonic 
membranes were removed. Serial transverse sections through different regions from 
the 24th somite to the caudal end of the embryo were immunohistochemically stained 
with antibodies to p75 and smooth muscle actin (SMA). At El 1.5，between the levels 
of the 24th to 28th somite, most of p75 positive cells were located in the pelvic 
mesenchyme between the dorsal aorta and the hindgut (Fig. 3.6.c-d). At E12.5, after 
the rectum had formed and the urinary bladder was completely separated from the 
rectum (Fig. 3.8.a), many of the p75 positive cells at the axial level of the to 28 '^' 
somite were still located in the pelvic mesenchyme between the dorsal aorta and the 
hindgut (Fig. 3.8. b-f) as at the previous stage. Some p75 positive cells were found in 
the rostral hindgut (Fig. 3.8.d) and they were known to be derived from vagal NCCs 
(Young et al.’ 1998，2004) which migrated rostrocaudally along the gut tube to reach 
t 
this part of the hindgut. In addition, many p75 positive cells moved more ventrally to 
the region between the rectum and the urinary bladder caudal to the level of the 29出 
somite (Fig. 3.8.g). It was also found some p75 positive signals in the region around 
the anus (Fig. 3.8.h). However, these positive signals did not have cellular 
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morphology. 
Embryos at El3.5 were similarly isolated, fixed and transversely sectioned 
from the somite to the caudal end of the embryo. Results of the 
immunohistochemical staining demonstrated that p75 positive cells have not yet been 
observed in the terminal hindgut (part of descending colon, sigmoid colon and 
rectum) (Fig. 3.9.d，3.9.f; 3.10.a-d and 3.11.a-f), inferring that sacral NCCs may not 
have yet reached the hindgut. At this stage, however, some p75 positive cells were 
found in the rostral part of the hindgut at the axial level of the somite (Fig. 3.9.b). 
As in the previous stage, these p75 positive cells were most probably derived from 
vagal neural crest cells (Young et al, 1998, 2004). The number of p75 positive cells 
in the pelvic mesenchyme at this stage was also increased (Fig. 3.9.f) and many of 
these p75 positive cells were scattered near the urinary bladder (Fig. 3.9.f). Some p75 
positive cells were located in the pelvic mesenchyme near the hindgut, but not yet 
within the hindgut (Fig. 3.9.b and d). The circular muscle layer was the first cell 
layer that showed SMA (a marker for smooth muscles) positive staining (Fig.3.9.b, d; 
3.10.a-d), while both the anus and the longitudinal muscle layer of the hindgut did 
not show SMA positive staining at this stage (Fig. 3.10.a, c; 3.1 l.e). 
As a conclusion, no p75 positive cells, except those derived from the vagal 
/ 
neural crest cells, were found in the hindgut before E13.5. 
Embryos at E14.5 were isolated and processed as above. 
Immunohistochemical staining showed that the two muscle layers in the terminal 
hindgut were SMA positive (Fig. 3.12.f and g). Many of p75 positive cells were 
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found in the myenteric plexus which was located between the two muscle layers (Fig. 
3.12.f and g) and positive cells were also scattered around the urinary bladder (Fig. 
3.12.h). 
3.3.3 Culture of hindguts without pelvic mesenchyme from Ell. 5 to El 4.5 
3.3.3.1 Morphological observations on the hindgut without pelvic mesenchyme 
before culture and 3 days after in vitro culture 
Hindguts without the pelvic mesenchyme were isolated from embryos at 
El 1.5 (Fig. 3.13.C). After 3 days in vitro culture, the hindgut became longer and 
thicker (Fig. 3.13.e) than that before culture (Fig. 3.13.C). 
3.3.3.2 Histological observations on the hindguts without pelvic mesenchyme 3 
days after in vitro culture 
Three days after gut organ culture, the hindguts without pelvic mesenchyme 
were harvested. No p75 positive cells were observed in the transverse sections 
following the p75 immunostaining (Fig. 3.14.a) indicating that in the absence of 
pelvic mesenchyme, there were no p75 positive cells in the hindgut following 3 days 
in organ culture. However, the inner muscle layer shows SMA positive (Fig. 3.14.b 
t 
and c). 
- 8 1 -
Chapter 3 Migration to hindgut: 
Results 
3.3.4 Culture of hindguts with pelvic mesenchyme from El 1.5 to E14.25，El4.5 
and El5.5 
3.3.4.1 Morphological observations on the hindgut with pelvic mesenchyme before 
and 3 days after in vitro culture 
Hindguts with pelvic plexus were taken from embryos at Ell.5 (Fig. 3.13.a 
and b). After 3 days in vitro gut culture, the hindguts grew longer (Fig. 3.13.d). The 
pelvic mesenchyme lost part of the original shape and became round in shape (Fig. 
3.13.d). 
3.3.4.2 Histological observations on the hindguts with pelvic mesenchyme cultured 
from E1L5 to E14.25，E14.5 and El5.5 
After serial transverse section and stained with p75 and SMA antibodies, all 
the sections were examined under an epifluorescence microscope. In the hindguts 
which were cultured from Ell.5 to E14.25, many p75 positive cells were found 
gathered together on the periphery of the hindgut, giving the impression that they 
were prepared to migrate from the pelvic mesenchyme to the hindgut mesenchyme 
(Fig. 3.15.a, c^d and f). At this stage, part of the circular muscle layer was SMA > 
positive and a few of p75 positive cells arranged themselves on the outer surface of 
the circular muscle layer (Fig. 3.15.e and f) which was similar to that of the hindgut 
at E13.5 following p75 immunostaining (Fig. 3.9.d; 3.11.d and f). However, the 
regions where p75 positive cells gathered together were usually SMA negative (Fig. 
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3.15.b and e). 
When the gut culture period was extended to E14.5, the number of p75 
positive cells on the outer surface of the SMA positive muscle layer (region for the 
future myenteric plexus) was increased (Fig. 3.16.C and g). A clear pathway of p75 
positive cells was seen from the pelvic mesenchymal tissue towards the hindgut (Fig. 
3.16.a, c, e and g). In the anterior part of the hindgut, p75 positive cells were 
observed scattered randomly in the gut mesenchyme (Fig. 3.16.e and g) where the 
muscle layers were still not yet SMA positive (Fig 3.16.f and g). Very few p75 
positive cells were observed in the submucosal plexus (Fig. 3.17.d). It seemed that 
these cells penetrated the circular muscle layer to get into the submucosal plexus (Fig. 
3.17.e). Haematoxylin staining demonstrated that there were no dead cells in the 
hindgut and the epithelia grew thick (Fig. 3.16.d and h). 
There were not many changes when the hindgut was cultured one more day 
to El5.5 except that the hindgut grew longer. Serial transverse sections of the 
anterior part of the hindgut which grew out from the explant during the culture 
period were stained with p75 and SMA and examined under an epifluorescence 
microscope. On the outer surface of the circular muscle which expressed SMA, p75 
positive cells gathered together in the regions for future myenteric plexus (Fig. 3 .18.C 
t 
and g). In the regions of the circular muscle where SMA immunostaining was 
negative, p75 positive cells scattered randomly in the gut mesenchyme (Fig. 3.18.C 
and g). Haematoxylin staining also showed that there were no dead cells 4 days after 
in vitro culture (Fig. 3.18.d and h). 
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3.3.5 Culture of the whole length of the gut tube without pelvic mesenchyme from 
ElL5toE15.5 
The whole length of the gut tube without pelvic mesenchyme was dissected 
from pregnant mice at El 1.5 and cultured for 4 days to El5.5. Longitudinal sections 
of the hindgut region were stained with p75 and SMA immunostaining and were 
examined under an epifluorescence microscope. In the hindgut region, p75 positive 
cells (Fig. 3.19.a) gathered in regions between the circular and longitudinal muscle 
layers, which are the regions of the future myenteric plexus (Fig. 3.19.C). Compared 
with the observations on the hindgut culture without the pelvic mesenchyme (see Fig. 
3. 14)，it is clear that this distinctive layer of p75 positive cells in the region of future 
myenteric plexus is most probably derived from vagal neural crest cells, which 
migrated rostrocaudally from the anterior part of the gut to this region (Anderson et 
al., 2006; Young et al., 1998). The circular muscle layer expressed SMA but the 
longitudinal muscle layer only weakly expressed (Fig. 3.19.b). No p75 positive cells 
were observed in the submucosa and no p75 positive cells were lying in the serosa. 
3.3.6 Culture of the whole length of the gut tube with pelvic mesenchyme from 
* 
E11.5toE15.5 
Similarly, the whole length of the gut tube with pelvic mesenchyme was 
dissected from pregnant mice at E11.5 and cultured for 4 days to E15.5. Longitudinal 
sections of the hindgut region were stained with p75 and SMA immunostaining and 
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were examined under an epifluorescence microscope. The circular muscle layer 
showed stronger SMA immunoreactivity than the longitudinal muscle (Fig. 3.20.b, d 
and e). Some of p75 positive cells were located between these two muscle layers in 
the region of the future myenteric plexus (Fig. 3.20.d and e). However, another group 
of p75 positive cells was observed migrating from the pelvic mesenchymal tissue to 
the hindgut along a distinct pathway in the serosa of the hindgut (Fig. 3.20.d and e). 
However, a similar group of p75 positive cells was not found in the serosa of the 
whole gut culture without the pelvic mesenchyme (Fig. 3.19.a-c) 
3.3.7 Culture of hindguts with Dil labelling in the pelvic mesenchyme from Ell, 5 
to El4.0, E14.25，El4.5 and El5.5 
Hindguts with pelvic mesenchyme were isolated from pregnant mice at 
Ell.5. A small volume of Dil was microinjected into the pelvic mesenchyme (Fig. 
3.13.a, c) before the whole explant was cultured for 2.5 days in vitro to El4.0. Under 
a confocal microscope, Dil-labelled cells seemed to migrate along the hindgut (Fig. 
3.21.a). While serial transverse sections showed that the Dil labelled cells gathered in 
the pelvic mesenchyme near the hindgut but there were no Dil positive cells located 
inside the gut (Fig. 3.21.b). Dil labelling and p75 immunohistochemical staining 
* 
indicated that there were also many p75 positive cells gathered in the mesenchyme 
near the hindgut and the location ofp75 positive cells was similar to that of the Dil 
positive cells (Fig. 3.21.b and 3.21.c). No p75 positive cells were found within the 
hindgut (Fig. 3.2Lc). 
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After 2.75 days in vitro gut culture at E14.25, Dil positive cells were not 
only found on the periphery of the hindgut but also found inside the hindgut (Fig. 
3.22.a, c and e). When the same sections were stained with p75 immunostaining, it 
was found that many Dil labelled cells also expressed p75 (compare Fig.3.22.a with 
b; c with d; e with f). They scattered on the outer surface of the SMA positive inner 
muscle layer (Fig.3.22.f). When the hindguts were cultured to E14.5, Dil positive 
cells were still observed on the outer surface of the circular muscle (SMA positive) 
layer (Fig.3.23.a and b), and some of them even penetrated through the circular 
muscle to go into the submucosal region (Fig. 3.23.b). p75 immunostaining indicated 
that these Dil labelled cells were also p75 positive (Fig. 3.23.b-d). 
3.3.8 Culture of the whole length of the gut tube with Dil labelling in the pelvic 
mesenchyme from Ell. 5 to El4.5 
The whole length of the gut tube with pelvic mesenchyme was isolated from 
pregnant mice at Ell.5. A small volume of Dil was microinjected into the pelvic 
mesenchyme. After 3 days in vitro gut culture, the hindgut region of the gut tube was 
longitudinally sectioned and examined under a confocal microscope. Dil labelled 
cells were observed extending from the pelvic mesenchyme to the serosa (Fig. 3.24.a > 
and c). When the same section with Dil labelling was doubly stained p75 
immunostaining, it was found that all the Dil labelled cells along the pathway in the 
serosa were also p75 positive (Fig. 3.24.C). In addition, some of p75 positive cells 
were present in the region of the myenteric plexus (Fig. 3.24.b and c). This 
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distinctive layer of p75 positive but Dil negative cells (also see Fig. 3.19) in the 
myenteric plexus is clearly derived from vagal neural crest cells migrating down 
rostrocaudually from the anterior part of the gut tube (Anderson et al., 2006; Young 
et al., 1998). 
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3.4 Discussion 
Previous studies using organ culture have demonstrated that organ culture is 
a useful and direct method to study the migratory behavior of the vagal neural crest 
cells (NCCs) in the mouse (Young et al.’ 1998, 2004). However, organ culture has 
not been widely used in studies of sacral NCCs in the mouse. In the investigations of 
the contribution of sacral NCCs to the hindgut, the hindgut with pelvic mesenchyme 
was transplanted into the renal subcapsular space (Rothman and Gershon, 1982; 
Kapur, 2000). In the present study, an organ culture system of the mouse gut has 
been established. This system allowed easy experimental manipulations and 
maintenance of the three-dimensional structure of the bowel in vitro so that the 
proper differentiation of the enteric nervous system (ENS) of the hindgut outside the 
embryo became possible. Most importantly, it also made the study of sacral NCC 
migration in vitro possible. 
3.4.1 Development of the hindgut and the urogenital system from El 0,5 to El 4.5 
The structures in mouse embryos change much from E10.5 to E14.5, 
f 
especially the gut. It is very important to be familiar with the development of the 
hindgut and the neighboring tissues at different stages before studying the migration 
of sacral NCCs to the hindgut. 
It was found that in the present study with the growth of the embryo 
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progressively from El0.5 to El4.5，the lumen of the cloaca became bigger. The 
urinary bladder formed at around El0.5 and was completely separated from the 
rectum at E12.0-E12.5, an observation in line with that made by Bitoh et al. (2001). 
During this time, the hindgut grew longer and more convoluted and part of the gut 
went out of the abdominal cavity. The mesentery became shorter and broader at the 
level of the somite. Between the levels of the to 30 '^' somites, the gut 
mesentery was absent and the gut became retroperitoneal. From El3.5 to El4.5，the 
gut and the urogenital system were more developed. The gut formed convolutions 
and the abdominal cavity had not closed yet. Genital ridges developed into gonads 
and it was easy to distinguish between a tesis and ovary. 
3.4,2 No p75 positive cells were found in the hindgut before El 3.5 
p75 is a low affinity nerve growth factor receptor and like ret, has been 
reported to be expressed by migrating vagal NCCs in the gut of mouse embryos 
(Chalazonitis et al, 1998; Young et al., 1999)，but no solid evidence has been 
reported that p75 is also specifically expressed on sacral NCCs. In the present study, 
p75 immunohistochemical staining on the transverse sections showed that p75 
positive cells were located near the dorsal aorta at the levels between the and the > 
28th somite at E10.5 and E11.5. At the more caudal level of the 29出 to somite, 
p75 positive cells were observed scattered in the mesenchymal region around the 
cloaca (i.e. in the locations more ventral than that found at the to 28 '^' somite 
levels). At E12.5, with the cloaca developed into the rectum and the urinary bladder, 
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these positive cells were observed scattered in the mesenchymal region between 
rectum and bladder and some of them seemed to migrate to the region closer the 
hindgut. Between the levels of the and somites, the mesentery of hindgut 
was longer at E12.5. Some p75 positive cells gathered in the region just dorsal to the 
mesentery without entering it. The locations of the p75 positive cells did not change 
much from Ell .5 to El3.5 while the number of positive cells was increased. One 
possible explanation for why the locations of p75 positive cells in the posterior 
(caudal) part were usually more ventral than those in the anterior (rostral) part is that 
at the caudal level of the to somite, the target migratory site (hindgut) of the 
sacral NCCs is closer to their origin (neural tube) than that at the level of the to 
28th somite. At the rostral level, sacral NCCs have to migrate a longer distance 
through the long mesentery before they can get close to the hindgut, but however, at 
the caudal level where the mesentery is much shorter or even absent, the distance 
between the origin of sacral NCCs (i.e. neural tube) and the hindgut is much shorter 
and hence it will be easier for the sacral NCCs to come closer to their target 
site--hindgut during the same period of time. Similar conclusion was made by 
Erickson and Goins (2000) who demonstrated that the distance between the neural 
tube and the target did affect the migration of the sacral NCCs in chick embryos. 
> 
Interestingly, no p75 positive cells were found in any region of the hindgut before 
E13.5. If sacral NCCs are p75 positive, the absence of the p75 positive in the hindgut 
before El3.5 may mean that even if the sacral NCCs arrive at the region close to the 
hindgut at some early stages, this does not mean that they will enter the hindgut 
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immediately following their arrival They may have to wait in the pelvic 
mesenchyme for some time before they manage to enter the hindgut. The other 
possibility is that early sacral NCCs in the hindgut do not express p75. 
3.4.3 The sacral neural crest cells migrate into the hindgut at aroundE14.5 
The contribution of the sacral NCCs to the hindgut has been shown by many 
studies (Le Douarin and Teillet, 1973; Catala, et. aL, 1995; Bums and Le Douarin, 
1998; Kapur, 2000). In the chick, sacral NCCs also give rise to pelvic ganglia and the 
nerve of Remark (Bums and Le Douarin, 1998). Previous experiments in avian 
embryos used Dil or retroviral labelling to label sacral NCCs (Pomeranz et al” 1990). 
However they reported that these labelled cells arrived at the hindgut several days 
earlier than the time of the arrival established by using chick-quail chimeras (Bums 
and Le Douarin, 1998), suggesting that some of the labelled cells may not be NCCs, 
as the tracer leakage during labelling was difficult to avoid in this type of the study. 
In mouse embryos, Serbedzija et al (1991) also used Dil labelling and found that 
sacral NCCs entered the hindgut at around E10.0-E10.5, the day before vagal NCCs 
reached the hindgut. These were supported by immunohistochemical studies using 
putative neural crest-specific antibodies (Wu, et. al., 2000) and organotypic cultures 
t 
of E9.0 murine hindgut (Rothman and Gershon, 1982). On the contrary, the studies 
using Wntl-lacZ and DpH-nlacZ transgenic mice showed that it took over 4 days 
from the time when sacral NCCs started to emigrate from the neural tube at E9.0-9.5 
until their arrival to the hindgut at around E14.5 (Kapur, 2000; Anderson et al., 2005). 
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In Chapter 2, it was shown that on leaving the neural crest at E9.5, sacral NCCs 
migrated along two pathways, the dorsolateral pathway underneath the ectoderm, and 
the ventral pathway between the neural tube and somites, to the developing hindgut. 
At El 1.0, the Dil labelled cells located in the pelvic mesenchyme around the dorsal 
aorta. p75 immunohistochemical staining also showed that these p75 positive cells 
scattered in the pelvic mesenchyme near the dorsal aorta at Ell.5 at the levels 
between the 24山 and 28出 somites and in the pelvic mesenchyme between the 
terminal hindgut and the bladder at the to 30 '^' somite levels. In this chapter, it 
was found that after 2.75 days of hindgut culture with the pelvic mesenchyme tissue 
where sacral NCC-derived cells were located, p75 positive cells were observed in the 
pelvic mesenchyme near the hindgut and seemingly ready to migrate into the gut at 
El4.25. In addition, p75 immunohistochemical staining on sections of the hindgut 
isolated directly from embryos at E13.5 without culture also showed that p75 
positive cells were located in the pelvic mesenchyme near the hindgut, similar to the 
observations made in the hindgut which had been cultured from El 1.5 to E14.25. In 
the whole mount preparation of the gut, it was also found that, sacral derived cells 
were found clustering in the mesenchymal tissue near the distal hindgut at El3.5 and 
El4.5. These observations concur well with the findings from Young and Newgreen 
(2001) and Anderson et al (2005). In the present study, few p75 positive cells started 
to appear inside the hindgut at 14.5. These cells were found on the outer surface of 
the inner circular muscles, which is also the region of the future myenteric plexus. 
Importantly, before sacral NCCs were found in the caudal part of the hindgut at 
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E14.5, p75 positive cells had already been detected in the rostral part of the hindgut 
in the culture of the whole length of the gut tube at around E12.5. Since p75 has been 
proved a specific marker of vagal neural crest cells in the gut, the p75 positive cells 
in the rostral part of the hindgut were most probably vagal neural crest-derived cells. 
Hence, the findings in this chapter tend to suggest that before the colonization of the 
hindgut by vagal NCCs, sacral NCCs have already arrived at the pelvic mesenchyme 
near the hindgut. However, they do not enter the hindgut but instead waiting there for 
several days. It is only after the complete colonization of the hindgut by the vagal 
NCCs that the sacral NCCs enter the hindgut. These findings are similar to a number 
of descriptive studies using a variety of enteric neural markers (e.g., Ret, nonspecific 
esterase, DpH-nlacZ, Phox2b, PGP9.5), each of which failed to document 
NCC-derived neuroprogenitors in the hindgut prior to E13.5-14.5 (Kapur et. aL, 
1992; Kapur, 2000; Webster, 1973; Young et. al, 1998). All of these markers are 
expressed relatively late in the vagal neural crest pathway, leaving the open window 
of the possibility of early hindgut colonization by sacral NCCs that either never 
express any of these markers or initiate their expression only after vagal NCCs have 
arrived. Similarly, although p75 is not confirmed to be a specific sacral NCCs marker 
in the gut-of the mouse embryo, the only contrary interpretation for the observations 
made in the present study is that the early sacral NCCs colonise the hindgut before 
E14.5 do not express p75. However, in this chapter, by using Dil labelling to trace 
the migration of cells from the pelvic mesenchyme to the hindgut, it was found that 
Dil positive cells did not enter the hindgut until E14.5. Double staining of the 
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Dil-labelled cells with p75 immunostaining also showed that most of the Dil labelled 
cells in the hindgut were also p75 positive, implicating that cells from the pelvic 
mesenchyme had entered the hindgut at E14.5. Observations made in Chapter 2 
indicate that sacral NCCs migrated to the pelvic mesenchyme before entering the 
hindgut, and therefore taken all observations together, it has been demonstrated in the 
present study that cells in the pelvic mesenchyme derived from the sacral NCCs did 
not enter the hindgut before El3.5，and started to appear in the hindgut at E14.5. 
On the contrary, it was reported that when Dil was used to label the neural 
tube before sacral NCCs started their migration, Dil labelled cells were found in the 
gut epithelium at E10.5, i.e. one day following labelling (Serbedzija et al” 1991). 
Kapur (2000) and Anderson et al. (2005) later utilized transgenic mice {Wntl-lacZ 
and DpH-nlacX) but they did not find any sacral-derived cells in any region of the 
hindgut before E14.5, although sacral NCCs entered the cloacal region of chick 
embryos prior to the arrival of vagal NCCs into the hindgut (Erickson and Goins, 
2000). These two groups both thought that Dil-labelled cells present in the gut 
epithelium at early stages in Serbedzija's labelling study (1991) were unlikely to be 
NCCs. Young and Kapur both suggested that even if Dil specifically labelled the 
exposed portions of the neural tube, including crest cells, the possibility that 
/ 
non-neural crest cells in the neural plate might populate the gut wall to perhaps form 
non-neuronal cell types could not be excluded. Furthermore, it is also possible that 
Dil may be mistakenly injected into blood vessels as there are many small blood 
vessels surrounding the neural tube. Through the developing blood vessels, Dil may 
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also label the gut epithelium or mesenchymal cells. To identify the cells that are 
derived from the neural crest, double staining of the Dil labelled cells with neural 
crest cell markers can be one of the ways. In the present study, it has demonstrated 
that those Dil-labelled cells in the hindgut were indeed also p75 positive, indicating 
that these cells are very likely to be neural crest-derived. 
3.4.4 The sacral neural crest cells migrated in the serosa^ and entered the 
myenteric plexus prior to populating the submucosal plexus 
Some of p75 positive sacral-derived precursors colonised the hindgut when 
the whole length of the gut with the pelvic mesenchyme was cultured in vitro from 
El 1.5 to E14.5. It was found that at around E14.5, these positive cells were located in 
the serosa and were distinctly separated from other p75 positive cells in the region of 
the myenteric plexus, but only when the pelvic mesenchyme was included as a 
source of sacral-derived precursors. When the gut was not cultured with the pelvic 
mesenchyme, no p75 positive cells were found in the serosa. This was supported by 
the results of the culture of the whole length of the gut tube with Dil labelling in the 
pelvic mesenchyme. Dil labelled cells were similarly found in the serosa along a 
distinct migratory pathway from the pelvic mesnechyme to the hindgut. In Kapur's 
experiment (Kapur, 2000), hindguts with pelvic plexus tissue were isolated from 
mouse embryos and cultured in the renal subcapsular space. He suggested that the 
function of pelvic autonomic ganglia as a waiting site for sacral NCCs before 
entering the hindgut was analogous to that of the nerve of Remak in avian embryos 
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as a waiting site before entering the hindgut. In fact if no pelvic mesenchyme was 
included in the culture of the gut, no p75 or Dil positive cells were located in the 
hindgut. In Anderson's study of the DpH-nlacZ transgenic mice embryos at El3.5 
(Anderson et al., 2005), they found many P-gal+ cells located in the pelvic 
mesenchyme tissue ventral and lateral to the hindgut. These observations were 
supported by Kapur (2000) and the present study. All the evidence demonstrated the 
pelvic mesenchyme near the hindgut was a very important staying place for sacral 
NCCs before entering the hindgut. The differentiation of the sacral NCCs 
commenced initially in the pelvic ganglia prior to the entry of the sacral NCCs into 
the hindgut (Anderson et al, 2005) which was similar to that seen in chick embryos 
where the neuronal differentiation commenced in the nerve of Remak firstly 
(Pomeranz and Gershon, 1990; Fairman et al, 1995; Shepherd and Raper, 1999; 
Doyle et al., 2004). Previous studies have hypothesized that the migratory ability of 
enteric neural crest-derived cells is reduced once the cells differentiate into neurons 
(Heam et al., 1998 and Wu et al., 1999). However, in recent studies, some evidence 
indicated that some neurons might have the latent ability of migration in the gut even 
after differentiation (Young et al., 2004). If the differentiation is a halt signal for the 
migration of sacral NCCs, that means these differentiated sacral NCCs in the pelvic > 
mesenchyme tissue have no capability to migrate further into the hindgut. In Kapur ’s 
study (Kapur, 2000), he could not clearly examine the migratory behavior of the 
sacral NCCs because the structure of the hindgut was partly disturbed in the renal 
subcapsular space. The findings in the present study suggested that Dil labelled cells 
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migrated along the pathway in the serosa of the hindgut and then entered the region 
of the myenteric plexus between two developing muscle layers. Evidence 
demonstrated that these p75 positive sacral-derived precursors were first scattered in 
the muscle mesenchyme, but not in a discrete layer where the two muscle layers had 
yet to form and SMA has yet to be expressed. Half of a day later, the circular muscle 
layer became more apparent and showed SMA immunoreativity. The p75 positive 
cells previously scattered within the muscle mesenchyme were located in regions on 
the outer side of the circular muscle, which are also region of the myenteric plexus. A 
small number of p75 positive and Dil-labelled cells were found migrating from the 
regions of the myenteric plexus to the submucosal layer. It appears that during the 
course of the formation of discrete layers of muscle in the gut mesenchyme, neural 
crest-derived cells gradually gathered into clumps of cells in the region between two 
muscle layers to form the myenteric plexus. In chick embryos, however, neural 
crest-derived cells are migrating between two muscle layers. The difference in the 
hindgut colonization patterns between embryonic chicks and mice is likely to result 
from the earlier differentiation of the circular muscle layer in chick embryos 
compared to that in mice. This conclusion was in line with the findings by Young et 
al. (2001) who demonstrated that in the murine large intestine, neuron precursors 
colonised the myenteric region prior to the submucosal region. These observation 
was also similar to that in the avian large interstine where the sacral NCCs migrated 
into the submucosal region via the circular muscle layer from the myenteric region 
(Bums and Le Douarin, 1998). However, because Young et al. (2001) could not find 
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a method to separate the sacral- from vagal-derived cells in her experiment, it is still 
unknown whether these p75 positive cells were derived from the sacral or vagal 
neural crest. Another possibility is that in the mouse hindgut those sacral-derived 
cells entering the submucosal layer prior to populating the myenteric layer do not 
express p75. However, the results of the present study on Dil labelling, which 
demonstrated that sacral-derived precursors migrated first to the myenteric plexus 
before entering the submucosal layer, have exclude this possibility. 
Many factors have been postulated to be able to affect the migratory 
behavior of the neural crest cells. For example, Young et al. (2004) demonstrated that 
the vagal NCC migratory behavior in the gut was influenced by the cell number and 
cell-cell contacts. However, it is still unknown whether the sacral NCC migration is 
affected by the cell number or cellular interactions, whether sacral NCCs express 
NCC specific markers and what the relationships between the vagal NCCs and the 
sacral NCCs are. All these questions will be addressed in future studies. 
3,4.5 Most of Dil labelled sacral neural crest cells in the hindgut also expressed 
p75 
Double labelling showed that most of Dil labelled cells in the hindgut were 
> 
also p75 positive. Unlike the results in Chapter 2 that all the Dil labelled cells were 
p75 positive, some Dil labelled cells in the hindgut were p75 negative, although the 
number of Dil+/p75- cells was very small. This may be due to the dye being 
mistakenly injected into blood vessels, which are plenty in the pelvic mesenchyme. 
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In the present study, it is not very difficult to distinguish those unsuccessful 
injections from those targeted injections. When Dil was mistakenly injected into 
blood vessels, the dye would quickly stick or attach to the endothelial cells and the 
inner wall of the blood vessel would be labelled. The labelled regions would thus 
appear as a straight line which was easy to identify. After the haematoxylin 
counterstaining, those wrongly labelled endothelial cells were all epithelial in shape 
and were easily distinguishable from the labelled mesenchymal cells or NCCs. In 
fact, the chance of injections into blood vessels was not high in the present study 
(Table 3.1). Other two possible explanations for the presence of Dil+/p75- are: there 
are some non-neural crest cells (i.e. mesenchyme cells) which can migrate into the 
hindgut as observed in a previous study using Dil to label the neural tube (Pomeranz 
and Gershon, 1990; Serbedzija et al, 1991) and some sacral-derived cells do not 
express p75 in the hindgut at early stages. The major difference between Serbedzija's 
findings (Serbedzija et al., 1991) and the observations in the present study lies on the 
entry time point of the sacral NCCs to the hindgut. In the present study, the stage of 
the first appearance of Dil positive cells in the hindgut was E14.5, the stage at which 
vagal NCCs colonize the entire hindgut, while in Serbedzija's experiment the entry 
time was at around El0.5. However, no data were shown in Serbedzija's experiment > 
the characteristics of those Dil labelled cells by using, for instance, neural crest 
markers. It is more likely that the few labelled cells found in the gut epithelium in 
Serbedzija's study might be a result of Dil injection into blood vessels or the 
mesenchyme surrounding the neural tube or some other tissues. 
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In the present study, no p75 and Dil labelled cells were found in the 
hindguts unless the hindguts were cultured with the pelvic mesenchyme. Double 
staining of the Dil-labelled cells with p75 immunostaining indicated that some p75 
expressing cells migrated from the pelvic mesenchyme into the hindgut and then 
resided in the regions of the myenteric plexus and the submucosal layer. Because of 
the Dil labelling, these cells are very likely to be sacral-derived, meaning that most 
sacral-derived cells are also p75 positive. In fact, it was impossible to use Dil to label 
all the sacral neural crest-derived cells in the pelvic mesenchymal tissue, and thus it 
has yet to identify the origin of those cells which were p75 positive but Dil negative. 
Although Phox2b, Ret, Sox 10 and Hu are all demenstrated to be markers of vagal 
neural crest cells in mouse embryos, it is still unknown whether these markers are 
also specifically expressed on sacral NCCs. Further studies on these markers may 
help to identify the origin of those Dil-/p75+ cells in the hindgut. 
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Chapter 4 
Migration from the neural tube to the hindgut 
4.1 Introduction 
It has been generally agreed that neural crest cells derived from the region of 
the neural tube at the sacral level can migrate to the hindgut and contribute to the 
formation of the enteric nervous system (ENS) in the avian (Bums and Le Douarin, 
1998; Bums et al, 2000) and rodents (Kapur, 2000; Anderson, 2005). Sacral neural 
crest cells (NCCs) also give rise to pelvic ganglia in the avian and mammal and also 
the nerve of Remak in the avian. In the chick, after departure from the neural tube, 
sacral NCCs migrate along different pathways to go first to the region of the nerve of 
Remak and then stay there for several days before they enter the hindgut (Bums and 
Le Douarin, 1998; Bums et al., 2000). Similarly, in the mouse, the majority of recent 
data indicate that sacral NCCs depart early from the neural tube at around E9.5, 
migrate to the pelvic mesenchyme where they form the pelvic plexus. Some of these 
cells stay there for several days and then continue their migration to the hindgut to 
form the ENS (Kapur, 2000; Anderson et aL, 2005). Thus, it is generally agreed that 
after their departure from the neural tube, sacral NCCs take several days before they 
/ 
start to enter the hindgut, although some earlier studies have some different 
conclusions on the time of entry to the hindgut (Serbedzija et al” 1991; Pomeranz et 
al, 1991). In Chapter 2, to find out the migratory pathways from the neural tube to 
the hindgut, cell markers were used to trace sacral NCCs. It was found that while a 
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small number of sacral NCCs migrated along the dorsolateral pathway underneath 
the surface ectoderm, most of the sacral NCCs moved in the medial pathway 
between the neural tube and the somite to reach the pelvic mesenchyme around the 
dorsal aorta which is ventral to the neural tube. However, due to technical difficulties, 
it was not feasible to further culture the mouse embryo after 1.5 days of whole 
embryo culture in vitro. Embryos further cultured after 1.5 days in vitro with whole 
embryo culture may not be able to grow normally, and thus further migration of 
sacral NCCs in the embryo from the pelvic mesenchyme to the hindgut could not be 
traced with whole embryo culture. To get around this problem, studies based on 
examinations of different molecules on the cell surface, e.g. Ret, Phox2b, p75, SoxlO, 
and expression of transgenes like Wntl-lacZ and DpH-nlacZ (Kapur, 2000; Anderson 
et al., 2005) have been reported. However, since these markers are not expressed on 
all the neural crest cells or along their entire migratory pathway, the complete 
migratory pathway and the time window for migration have not yet been resolved. In 
Chapter 3, an organ culture system was used in order to determine the migration of 
cells from the pelvic mesenchyme to the hindgut. The whole length of the gut tube or 
the hindgut together with the pelvic mesenchyme where sacral NCCs temporarily 
resided on their way to the hindgut (see Chapter 2) were isolated and cultured with 
organ culture for several days in the hope that cells that underewent further migration 
from the pelvic mesenchyme to the hindgut could be traced. The main advantage of 
using organ culture is that the 3-dimensional structure of the gut can be maintained in 
vitro for more than 10 days. It was found that some cells in the pelvic mesenchyme 
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migrated along definite pathways to go into the hindgut at El4.5, i.e. 3 days after the 
gut was cultured. It is very likely that the cells that could move into the hindgut are 
sacral neural crest-derived cells because marker-labelled sacral NCCs from the 
neural tube have been found in this pelvic mesenchymal region (see Chapter 2) and it 
is well known that only the neural crest cells in this pelvic region can undergo this 
kind of long distance migration. Nevertheless, there are always possibilities that 
these migrating cells are not neural crest-derived. To have a definitive proof, a 
combined method of whole embryo culture and gut organ culture was used in this 
Chapter. The neural tube of embryos at E9.5 (at this stage the neural crest cells have 
not yet started their migration) was first labelled with Dil, and then the labelled 
embryos were cultured with whole embryo culture for 1.5 days. At the end of the 
culture, the hindgut together with the pelvic mesenchyme where labelled neural crest 
cells were found were isolated from the embryos and further cultured with gut organ 
culture for 3.5 days, so that the continuous migration of the labelled sacral NCCs 
could be traced to their final destination — hindgut. By using this combined method, 
it was hoped that the entire migration of sacral NCCs from the neural tube to the 
hindgut could be worked out. 
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4.2 Materials and Methods 
Isolation of the hindguts from the embryos which had been labelled with Dil and 
cultured from E9.5 to El 1.0 
Embryos with the intact yolk sac membrane and placental cone were 
isolated from pregnant ICR mice at E9.5. Dil was microinjected into the neural tube 
at a level rostral to the somite by using a mouth pipette as described in Section 
2.2.10 in Chapter 2. After 1.5 days of whole embryo culture (see Section 2.2.11 in 
Chapter 2)，the embryos were harvested in PBl (warmed to 37°C, Appendix A). The 
yolk sac circulation and heart beat of the embryos were inspected. The somite 
number was recorded. After the yolk sac and placental cone were removed, all the 
embryos were observed under an epifluorescence microscope. Only those embryos 
which developed normally and the sacral region of the neural tube was well labelled 
with Dil were chosen. The criteria for good Dil labelling were (a) the Dil fluorescent 
signals were scattered evenly throughout the neural tube and (b) streams of Dil 
labelled cells extended from the neural tube at the axial levels of the somite to 
the caudal end of the neural tube. All the manipulations were carried out under dim 
/ 
illumination. After all the morphological features were scored, the embryos were 
transected through a level rostral to the 24出 somite. The caudal segments of the 
embryos (Fig. 4.1.a) were washed in D-PBS (Appendix F) (37�C) for about 5 
seconds and then treated with 0.05% dispase (Invitrogen 17105-041) (Appendix G) 
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for about 5-10 minutes until the structures (somites, neural tube and ectoderm) were 
gradually loosened. The caudal segments were then further dissected to removing the 
hindlimbs, tail (regions caudal to the 3(^卜 somite) and the somites. The neural tube 
was then exposed and could be easily removed from the embryos. The 
mesonephroses lying next and ventral to the dorsal aorta were also dissected away. 
The urinary bladder had just formed at this stage and it could not be easily identified 
under a light microscope. It was removed although with the cloaca when the caudal 
tissues ventral to the cloaca were removed. As a result, the hindgut was left only with 
the dorsal aorta and the pelvic mesenchymal tissue around it (Fig. 4.1.b). All the 
dissection procedures were usually finished within 10 minutes. The hindguts were 
then washed in D-PBS (37�C) again for several seconds, then removed to PBl and 
were observed under an epifluorescence microscope (Fig. 4.1.c). Only those hindguts 
with Dil labelled mesenchymal tissue were used in the subsequent gut organ culture 
as described in the Materials and Methods in Chapter 3. The number of samples in 
the whole embryo culture and gut organ culture were recorded. 
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4.3 Results 
4.3.1 Morphology observations on the hindguts isolated from Dil-labelled embryos 
The neural tube of mouse embryos at E9.5 were firstly labelled with Dil and 
cultured for 1.5 days in whole embryo culture until El 1.0. At the end of the culture, 
the embryos were then checked with an epifluoresence microscope and those 
embryos with Dil-labelled cells in the pelvic mesenchyme (Fig. 4.1.a) were selected 
for further dissection of the hindgut for gut organ culture. Before the hindgut 
explants (Fig. 4.1.b) were cultured in the organ culture, Dil-labelled cells were 
clearly identified in the pelvic mesenchyme (Fig. 4.1.C). These labelled cells were 
supposed to be derived from the labelled neural tube during the period of whole 
embryo culture from E9.5 to Ell.O. An example of the explant containing 
Dil-labelled cells was shown in Fig. 4.1. c where most of the Dil-labelled cells were 
scattered in the mesenchymal tissue at the axial level of the to somite (Fig. 
4.1.C). Some of Dil labelled cells were also found at the levels between the and 
28th somites but not easily identifiable in this whole mount preparation. 
/ 
4.3.2 Distribution of the Dil-labelled cells and p75 positive cells before the culture 
of the hindgut explant 
Cryosections of the hindgut isolated from the Dil-labelled embryos cultured 
from E9.5 to Ell.O showed that the Dil-labelled cells were scattered in the pelvic 
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mesenchymal tissue dorsolateral to the cloaca (Fig. 4.2.b). Hindguts directly taken 
from the embryos at El 1.0 were also stained with p75 immunostaining. Results of 
p75 immunohistochemical staining of the hindgut with the pelvic mesenchymal 
tissue directly taken out from the embryo at El 1.0 indicated that the locations of the 
p75 positive cells in the pelvic mesenchyme (Fig. 4.2.d) were very similar to those of 
Dil-labelled cells (compare Fig. 4.2.b with d). They were all ventral to the dorsal 
aorta and dorsolateral to the cloaca (Fig. 4.2.b and c). . 
4.3.3 Culture of hindguts explanted from Dil-labelled embryos for 3.5 days from 
ElLOtoEU.S 
After 1.5 days of whole embryo culture, hindguts with the pelvic 
mesenchymal tissue were isolated and cultured in vitro to El4.5. The hindgut grew 
about three times longer and more curled. The three-dimensional structure of the 
hindgut was maintained and the epithelium layer and the muscle layers were seen in 
the whole mount preparation (Fig. 4.3.a and b). Dil-labelled cells were clearly seen 
along a pathway extending from the pelvic mesenchymal tissue into the hindgut (Fig. 
4.3.a and b). The well-developed epithelium and muscle layers could also be located 
in the hindgut even without special staining (Fig. 4.3.a and b). Cryosections of the 
hindguts showed that the epithelium of the hindgut grew thicker and Dil-labelled 
cells were observed in both the adjacent mesenchymal tissue and inside hindgut 
mesenchyme (Fig. 4.4.b-e). Very few Dil-labelled cells were located in the 
submucosal region (Fig. 4.4.C). Dil-labelled cells formed a pathway extending from 
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the adjacent pelvic mesenchymal tissue into the serosa (Fig. 4.4.b and d). The 
distribution of Dil-labelled cells in this chapter was similar to that found in the 
hindgut with Dil labelling in the pelvic mesenchymal tissue and cultured to E14.5 
(compare with the section 3.3.7 in Chapter 3). Whole mount preparations (Fig. 4.5.a) 
and longitudinal sections (Fig. 4.5.b) of the hindgut also demonstrated that 
Dil-labelled cells were spreading into the hindgut at El4.5. 
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4,4 Discussion 
The method used in this chapter was a combined method of the techniques 
used in Chapter 2 and Chapter 3. In Chapter 2’ whole embryo culture was known not 
to be able to support the normal development of mouse embryos for more than two 
days in vitro, and thus in order to continuously trace the migration of sacral NCCs to 
their final locations in the hindgut, the organ culture technique was employed to 
further culture the hindgut explanted from the embryos which had already been 
cultured in the whole embryo culture for 1.5 days. The most difficult parts of this 
combined method included microdissection of the very tiny fragments of the gut and 
the successful culture of the hindgut at the early developmental stage (Ell.O) in vitro. 
With the use of Dil labelling and whole embryo culture, sacral NCCs had 
already been successfully tracked down from their origin in the neural tube to the 
pelvic mesenchyme around the dorsal aorta in Chapter 2. However, sacral NCCs 
were only halfway down their path and had not yet reached the hindgut. In order to 
extend the culture in vitro to study the further migration in a 3-dimensional 
environment, the hindgut region was isolated and further cultured in the organ 
culture. Since studies have not been reported on the detailed topographic relationship 
of different structures in the caudal/sacral region of the embryo, a detailed 
morphological study was carried out in Chapter 3 and in this chapter, a 
microdissection procedure was developed to isolate small hindgut explants at Ell.O. 
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A clean dissection of the tissues for gut culture and the minimal disturbance to 
enteric structures are the basic requirements for the success of the subsequent growth 
of the gut in vitro. Results derived from the studies in Chapter 3 already gave us 
some hints that gut fragments could be successfully cultured in vitro using organ 
culture and that some cells in the pelvic mesenchyme could indeed migrate to the 
hindgut. Although these migrating cells from the pelvic mesenchyme were p75 
positive, a marker for early differentiating neural crest cells (Young et al., 1998), it is 
still not known whether they are neural crest-derived cells or some other cell types. 
Attempts to identify these cells in the pelvic mesenchyme by using the ectopic site 
under the renal capsule to grow the tissues outside the embryo indicated that the 
pelvic mesenchyme in the region of the future pelvic plexus might be a waiting site 
of sacral NCCs (Kapur, 2000). Sacral NCCs stay there for several days before they 
enter the hindgut as described in the chick (Bums and Le Douarin, 1998; Bums et al., 
2000). However, in their study, the space under the renal capsule did not allow a 
clear migratory pathway to be identified because the explants lost their normal 
topographic structure under the renal capsule. In other studies, many markers (c-ret, 
p75 and Phox2b) were also used to label the vagal NCCs in mouse embryos (Lo and 
Anderson, 1995; Young et al., 1998; Pattyn et al., 1997)，however, no solid evidence 
has been provided to show that these markers were specific to the sacral NCCs. In 
the present study, by using this combined method, it was found that sacral NCCs left 
the neural tube at E9.5, migrated down to the pelvic mesenchyme, waited there for 
about 3 to 4 days, then at around E14.5 migrated along defined pathways to enter the 
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hindgut through the serosa and finally scattered in the region of the myenteric plexus 
and the submucosal layer. 
In this study, hindguts that could be used for organ culture were only 80% of 
the cultured embryos (Table 4.1). The rest of the hindguts were not used for further 
organ culture mainly because they were damaged during microdissection or 
Dil-labelling the pelvic mesenchyme was not discernible. After the treatment of the 
enzyme, the neural tube, somites and other unwanted structures were easy to remove. 
However, it has to be certain before culture that the explant was clean with minimal 
damage and not overdigested by the enzyme. Furthermore, in some of the embryos, 
for some unknown reasons, Dil-labelled cells were not found in the pelvic 
mesenchyme, and then those embryos without Dil-labelled cells were discarded. In 
the present study, Dil was used as the marker because it is strongly fluorescent, cell 
localized, non-toxic and easy to prepare (Chan et al., 2003). The marked cells were 
traced from E9.5 to E14.5 for 5 days, and the marker had become weak at the end of 
the organ culture after so many rounds of cell division during this period. Thus 
before the organ culture, only the hindguts with strongest Dil labelling in the pelvic 
mesenchyme were selected for further culture. 
, “ The success of this combined method also relies on whether hindguts at this 
early stage (El 1.0) can develop normally as that in vivo. Morphological observations 
showed that the hindguts became longer than before and that the three-dimensional 
structure was retained. The percentage of the hindguts which developed normally in 
our gut organ culture after 3.5 days was 80% (32/40 xlOO% Table 4.1). The duration 
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in organ culture was short (from El 1.0 to E14.5 for 3.5 days) so it was not so 
difficult to have normal development during this short culture period. However of 
those normally developed gut in culture, only 62.5% (20/32 xlOO% Table 4.1) 
showed Dil-labelled cells within the gut mesenchyme. The most possible reason for 
the small number of explants containing Dil-labelled cells is that the number of the 
sacral NCCs from the neural tube at El 1.0 is not very high (see Section 2.3.4 in 
Chapter 2)，and some of them might be lost during the microdissection. Another 
possible reason is that after 5 days of in vitro culture (whole embryo culture + gut 
organ culture), there were so many cell divisions that Dil signals got so diluted that 
they became too weak to be picked up with microscopy. 
In this chapter, Dil-labelled cells were found within the hindgut following 
1.5 days of whole embryo culture and 3.5 days of gut organ culture. The migration of 
sacral NCCs has been followed through from the neural tube to the hindgut and the 
results in this chapter also confirm the results derived from Chapters 2 and 3. It was 
demonstrated that sacral NCCs migrated from the dorsal part of the neural tube at 
E9.5 and located in the mesenchyme around the dorsal aorta at El 1.0. These 
observations were the same as those found in Chapter 2. These Dil positive cells 
continued their migration and then stayed in the pelvic mesenchyme for several days 
until they entered the hindgut at El4.5. The migration during the period from El 1.0 
to El4.5 has been shown in Chapter 3. The main advantage of using this combined 
method is that sacral NCCs can be traced from the neural tube to the hindgut 
continuously. However the shortcoming is the great demand of technical skills. 
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Chapter 5 
General discussion and conclusions 
In the avian, sacral neural crest cells (NCCs) have already been 
demonstrated to contribute to the enteric nervous system (ENS) (Bums et al., 2000; 
Bums and Le Douarin, 1998). However, in rodents and mammals, little is known 
about sacral NCCs. Although new data are emerging, the questions remain 
unresolved as to: 1) whether sacral NCCs give rise to the ENS; 2) when sacral NCCs 
enter the hindgut; 3) how they migrate from the neural tube to the gut and then along 
the gut tube; 4) what kinds of interactions between vagal and sacral NCCs are. This 
study mainly focused on the migration behavior of sacral NCCs in the mouse embryo 
during the period when they migrate from the neural tube to the hindgut. 
Firstly, mouse embryos with the intact yolk sac membrane at E9.5 were 
demonstrated to grow better in vitro than those embryos with the yolk sac membrane 
cut opened. Thus, throughout the study, the in vitro whole embryo culture with the 
intact yolk sac membrane was chosen as the method for the culture of embryos at 
E9.5, while for embryos older than E10.5, a traditional open yolk sac method, which 
has been fully proven to be the most suitable method for mouse embryos at these 
stages (Cockroft, 1990; Chan, 1997; Chan et al., 2005), was used. 
With WGA-Au, Dil or CDMFA labelling of the pre-migratory sacral NCCs 
in the neural tube, it was shown that from E9.5 to E10.5, sacral NCCs between the 
levels of the 24 '^' to 33 '^' somites emigrated from the dorsal part of the neural tube and 
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migrated along two pathways: the dorsolateral pathway lying between the surface 
ectoderm and the somite, and the medial pathway extending between the somite and 
the neural tube. Only a very few of dye-labelled sacral-derived cells were observed 
in the dorsolateral pathway when the embryos were cultured from E9.5 to E10.5. 
When the culture period was extended to Ell.O, more Dil-labelled cells were found 
under the surface ectoderm along the dorsolateral pathway. It seems that these 
sacral-derived cells divided rapidly and many more neural crest cells entered this 
pathway during the period from E10.5 to Ell.O. Most of sacral NCCs were found in 
the main migratory pathway, the medial pathway. Some of them stayed in the region 
of dorsal root ganglia and some continued their ventromedial migration to the pelvic 
mesenchyme around the dorsal aorta at Ell.O. In the whole mount preparation, 
streams of sacral NCCs were observed to migrate through the rostral part of the 
somite, an observation concurring to the finding on the migration of NCCs in the 
trunk (Krull et al, 1995). It appears that some molecules may play an important role 
in the migration of sacral NCCs through the somite. No sacral NCCs were observed 
to migrate from the neural tube at the axial level caudal to the somite. Hence, 
from the results derived from the whole embryo culture and marker labelling, 
sacral-derived cells were in the pelvic mesenchyme and had not yet reached the 
hindgut at Ell.O. 
During the migration from the neural tube to the pelvic mesenchyme, sacral 
NCCs also express p75, which is a commonly used marker for early differentiating 
neural crest cells in the gut (Young et al., 1998，1999; Chalazonitis et al,，1994，1997, 
- 1 1 4 -
Chapter 5 General discussion and conclusions 
1998; Lo and Anderson, 1995; Natarajan et al., 1999; Wu et al., 1999). As observed 
in the double labelling experiments, most of the marker-labelled cells from the neural 
crest were also p75 immunoreactive, indicating the p75 is not only a good marker for 
NCCs in the gut, it can also mark the migrating NCCs in the pelvic mesenchyme. 
Since the whole embryo culture system cannot support the normal 
development of mouse embryos for more than 1.5 days, a gut organ culture system 
was devised to extend the culture period in vitro so that further migration of sacral 
NCCs through a 3-dimensional environment could be examined. Subsequently, a gut 
culture system was established and evidence showed that it could support the normal 
development of the hindgut for at least 4 days. Results of the hindgut in vitro culture 
without vagal NCCs indicated that some p75 positive cells migrated from the pelvic 
mesenchyme around the dorsal aorta into the hindgut along a pathway in the serosa 
at El4.5. When the hindgut containing migrating vagal NCCs was cultured in vitro, 
the entry time of these p75 positive cells to the hindgut was also El4.5. It seems that 
the presence of vagal NCCs does not affect the entry time of these p75 positive cells 
into the hindgut. Same conclusion was reached in the study using quail-chick 
chimera to investigate the migration of sacral neural crest cells in the chick (Bums et 
al., 2000). These observations were also confirmed by Dil labelling in the pelvic 
mesenchyme. Dil-labelled cells were found migrating from the pelvic mesenchyme 
into the hindgut along the same pathway where p75 positive cells were found. The 
Dil-labelled cells started to appear in the hindgut also at around E14.5. Double 
labelling of the Dil-labelled cells with p75 immunohistochemical staining 
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demonstrated that most of the migrating cells were both Dil and p75 positive. They 
migrated along defined pathways from the pelvic mesenchyme to the hindgut and 
started to appear in the hindgut mesenchyme at El4.5. 
In order to map out a complete the migratory pathway of sacral NCCs from 
the neural tube to their target site (i.e. hindgut), a combined method of whole embryo 
culture, gut organ culture and Dil labelling was also used in this study. With this 
combined method, both the migratory pathways of the cells from the neural tube to 
the pelvic mesenchyme and those from the pelvic mesenchyme to the hindgut were 
confirmed. In addition, the entire migratory pathway from the neural tube to the 
hindgut was constructed. At E9.5, the sacral NCCs at the axial level of the to 
somites started to migrate from the neural tube, and some of the sacral NCCs 
migrated through the medial pathway to get to the pelvic mesenchyme around the 
dorsal aorta at El 1.0. Between El 1.0 to E13.5, migrating cells mainly stayed at 
around the same region of the mesenchyme and then at E14.5, cells entered the 
hindgut through the serosa. Some migrated to the region of the myenteric plexus first 
and then to the submucosa layer at El5.5. 
However, there are still questions to be addressed. Although Phox2b, Ret, 
Sox 10 and Hu are all demenstrated to be markers of vagal NCCs in mouse embryos 
/ 
(Young et al., 1998, 1999)，it is still unknown whether these markers are also 
specifically expressed on sacral NCCs. In addition, no evidence about the 
differentiation of sacral NCCs has been reported. In the future study, in situ cell 
labelling combined with immunostaining of those antibodies may help to identify the 
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phenotypes of sacral NCCs and study the differentiation of sacral NCCs outside or 
within the gut. In addition, focal in situ cell labelling will be a good method to study 
the contribution of sacral NCCs to the ENS at each somite level (from the to 
somite level). Although the results of the presents study showed that the entry of 
sacral NCCs did not require the presence of vagal NCCs, interaction between vagal 
and sacral NCCs has not been studied in details. It is still not known if sacral NCCs 
compensate the absence of vagal NCCs in the mouse hindgut as they do in the chick 
(Bums et al, 2000). 
1 
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Figures and Legends 
Figure 1.1 
Diagramme showing the origin of neural crest cells at different axial (rostrocaudal) 
levels. The neural tube (outlined by the red dotted line) is situated on the dorsal 
side of the embryo and extends rostrocaudally almost the whole length of the embryo. 
The vagal neural crest (Vagal NC) is the dorsal region of the neural tube adjacent to 
the first to seventh somites and the cells emigrated from the vagal NC are vagal 
NCCs. The trunk neural crest (Trunk NC) extends from the level of the to 
somites while the sacral neural crest (Sacral NC) lies caudal to the somite. 
(Diagramme modified from Young and Newgreen, 2001) 
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Figure 1.2 
Diagramme showing the enteric nervous system. The myenteric plexus is present 
between the muscularis externa (longitudinal muscle layer) and the muscularis 
interna (circular muscle layer). The submucous plexus is between the submucosa 
layer and the muscularis interna (circular muscle layer). 
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Figures and Legends 
Figure 2.1.a-d 
Photomicrographs of embryos isolated directly from pregnant mice at E9.5 (a), ElO.O 
(b), E10.5 (c) and E11.5 (d). At E9.5 (a), the hindlimb buds have just started to 
develop and are not clearly seen in this micrograph, while the tail bud (the caudal tip 
of the embryo) curls below the forebrain (FB) and ventral to the branchial arches 
(BA). The optic vesicle (OP) and otic otocyst (OC) are clearly discernible. At ElO.O 
(b), the embryo grows bigger, the neural tube has completely closed, and the 
hindlimb buds are larger (yellow asterisk). At El0.5 (c), the hindlimb buds become 
paddle shaped (yollow asterisk). By Ell.5 (d)，the size of embryo almost doubles 
that of the embryo at E9.5. The morphological features of the embryos at different 
stages are scored according the Table 2.1. 
Yellow asterisk: hindlimb bud; OP: optic vesicle; OC: otocyst; FB: forebrain. 
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Figure 2.2.a-c 
Photomicrographs showing a WGA-Au labelled embryo following 24-hour culture 
from E9.5 to E10.5. The number of the somites is 37. (a) The vitelline artery (VA) 
and vein (VV) have been separated and are clearly seen. It is one of the criteria for 
normal embryo development (see table 2.1). The blood circulation in the yolk sac 
membrane and the heart beat of the embryo are both vigorous. The caudal part of the 
neural tube (regions caudal to the somite) is clearly labelled (arrows), (b) A 
lateral view of the same embryo shown in (a) after the yolk sac membrane was 
removed. The whole caudal part of the neural tube at the level of and posterior to the 
hindlimb (HL) is labelled with the dye WGA-Au along the dorsal midline (dark 
particles inside the lumen of the neural tube indicated by white arrows), (c) A dorsal 
view of the caudal part of the embryo shown in (b). The neural tube is clearly 
labelled with WGA-Au (darkly labelled along the midline of the embryo, indicated 
by black arrows) adjacent to the hindlimb (HL). 
- 1 5 6 -
Figure 2.2.a-d 
ij^mmM 
Figures and Legends 
Figure 2.3.a-c 
Cross sections of the embryo through the somite of the same embryo shown in 
Figure 2.2.a. The WGA-Au positive cells are seen in two pathways. The majority of 
labelled cells are found in the medial pathway which lies between the somite and the 
neural tube (arrows in a) and some are found in the dorsolateral pathway which 
extends from the dorsolateral side of the neural tube to the region between the 
surface ectoderm and the somite (arrows in b). The labelled cells along the 
dorsolateral pathway are very few at this stage. In (c), another cross section through 
the same region showing the WGA-Au positive cells (arrows) migrating along the 
medial pathway, and some leading (pioneer) positive cells are located in more ventral 
locations near the dorsal aorta (DA). 
DA: dorsal aorta; NT: neural tube; DRG: dorsal root ganglia. 
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Figure 2.4.a-b 
(a) Photomicrograph showing the lateral view of an embryo with CMFDA 
labelling at the levels of the to somite under a light microscope. 
Fluorescent signals are not apparent. 
(b) A confocal photomicrograph showing the higher magnification of the box in 
the caudal part of the same embryo in (a). CMFDA positive signals (green 
dots) are observed in the neural tube and some labelled cells (arrows) are seen 
coming out of the neural tube and migrate ventrally. The white dashed line 
draws the outline of the i f ^ somite. 
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Figure 2.5.a-c 
(a) Dorsal view of the caudal part of the embryo with an intact yolk sac 
membrane at E9.5. Dil labelling can be seen in the caudal part of the neural 
tube (black arrows). 
(b) Lateral view of the same embryo with the yolk sac membrane removed. 
Labelled region is indicated by arrows. 
(c) Dorsal view of the caudal part of the same embryo under an epifluorescence 
microscope showing the Dil signals (arrows) inside the neural tube. 
PC: placental cone. 
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Figure 2.6.a-d 
(a) Lateral view of the embryo with 43 somites which has been cultured for 36 
hours from E9.5 to El 1.0 after Dil labelling. 
(b) Higher magnification of the box in (a). Dil signals are red fluorescent and are 
found in the neural tube (NT) caudal to the somite (yellow arrows in b). 
Some Dil positive cells are found to migrate from the NT to the pelvic 
mesenchyme through the anterior part of each somite (white arrows in b). 
Blue dotted line outlines the hindgut (HG), and the hindlimb (HL) extends 
from the levels of the to somite (numbers indicate the position of the 
somites). No Dil positive cells are observed near the hindgut. 
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Figure 2.7.a-d 
Cryosections (lO^m) through the (a), 25�卜(b), 26th (c) and if"" (d) somite of the 
embryo shown in Figure 2.8.a. Most of the cells in the neural tube (NT) are 
Dil-labelled (red fluorescent) under an epifluorescent microscope. Dil-labelled cells 
are also seen migrating from the neural tube. Labelled cells are located in the 
mesenchyme between the surface ectoderm (yellow arrows) and the somite (S), i.e. 
the dorsolateral pathway. Many labelled cells are also found in the regions between 
the neural tube and the somite (medial pathway), along which the dorsal root ganglia 
(DRG) are especially rich in Dil-labelled cells. The most ventrally located labelled 
cells are found in the ventral regions near the dorsal aorta (DA) (white arrows in d). 
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Figure 2.8.a-b 
Cryosections (lOjim) through the (a) and 30 '^' (b) somites of the embryo after Dil 
labelling in the neural tube of the sacral region and the embryo has been cultured 
from E9.5 to Ell.O. Dil signals are observed in the mesenchyme near the cloaca 
(arrows). 
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Figure 2.9.a-e 
(a) Lateral view of an embryo cultured for 24 hours from El0.5 to Ell.5. No 
morphological abnormalities are found. PC: placenta cone, VV: vitelline vein, 
VA: vitelline artery, HL: hindlimb, FL: forelimb. 
(b) and (c) Lateral views of the caudal part of the embryo shown in (a). Rostral to 
the 29th somite level, no Dil positive cells are found coming out of the neural 
tube (NT). However, many Dil positive cells are observed migrating out of 
the neural tube at the levels of the to 33'"'^  somites. The photomicrograph 
shown in (b) was taken under an epifluorescence microscope with bright-field 
illumination. 
(c) Transverse section through the somite of the same embryo shown in (a). 
No Dil positive cells are seen to migrate from the labelled neural tube. 
(d) Higher magnification of the ventral part of the neural tube through the 
somite. Dil labelled motor nerve (MN) fibres are clearly seen extending from 
the ventral part of the neural tube. 
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Figure 2.10.a-b 
(a) and (b) are lateral views of the caudal part of an embryo with 49 somites, which 
has been labelled with Dil and cultured for 24 hours from El0.5 to El 1.5. Dil 
positive cells are found migrating from the neural tube (NT) at the levels of the 
to 33rd somite. The Dil-labelled migrating cells (yellow arrows) are mainly found in 
the anterior part of the somite (somites are numbered successively). Caudal to the 
33rd somite level, no Dil positive cells are found coming out of the neural tube. The 
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Figure 2.11.a-d 
Transverse cryosections (8|im) (a to d) of an embryo labelled with Dil in the caudal 
part of the neural tube (NT). The somite level is indicated in each of the 
photomicrograph. Dil positive cells are found migrating from the neural tube at the 
levels of the 29 '^' (a), 32"'' (b) and (c) and located mainly in the region between 
the somite and the neural tube (yellow asterisk, i.e. the medial pathway). No Dil 
positive cells are found coming out from the neural tube caudal to the somite (d). 
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Figure 2.12.a-c 
(a) Lateral view of the caudal part of the embryo following focal labelling and 36 
hours in vitro culture from E9.5 to El 1.0. Dil labelled cells are observed 
migrating from the neural tube, forming a stream of cells (yellow arrows) 
moving directly towards the ventral part of the embryo. Residual labelling 
was still seen in the neural tube (white arrows). 
(b) Lateral view of the caudal part of the embryo following focal labelling and 36 
hours in vitro culture from E9.5 to El 1.0 under a confocal microscope. Dil 
labelled cells (arrows) a straight line at the level of the somite. 
(c) Photomicrograph showed in (b) is merged with a light microscopic 
micrograph taken under brightfield illumination. 
HL: hindlimb bud. 
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Figure 2.13.a-b 
Cryosections (8|Lim) through the somite of the embryo shown in Figure 2.14.C. 
Dil positive cells (arrows in a) are observed migrating from the dorsal part of the 
neural tube (NT) along a medial pathway between the somite and the neural tube. 
Some other Dil positive cells (arrows in b) are seen migrating along the dorsolateral 
pathway underneath the surface ectoderm but lateral to the somite. 
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Figure 2.14.a-b 
(a) Photomicrograph of an embryo following focal labelling with CMFDA at the 
level of the somite and in vitro culture from E9.5 to El 1.0. The 
morphology of the embryo is normal. 
(b) Higher magnification of the box in (a) under a confocal microscope. Green 
CMFDA signals are observed in the neural tube at the level of the somite 
and some are found migrating from the neural tube to more ventral locations 
along a straight pathway in the pelvic mesenchyme (arrows). However, no 
CMFDA positive cells have yet been found in the hindgut. 
HL: hindlimb bud. 
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Figure 2.15.a-g 
(a) Lateral view of an embryo isolated at El0.5. 
(b) Lateral view of the caudal part of an embryo at El0.5 transected at the trunk 
level. The position of the hindlimb bud is marked with yellow asterisk and 
the somites are successively numbered. 
(c) The caudal part of the embryo shown in (b) was further dissected and the 
neural tube and the surface ectoderm were removed leaving the hindgut (HG), 
(the rostral end of the hindgut is connected with the cecum, labelled as cc), 
urinary bladder, cloaca and the dorsal aorta (DA). At this stage, the urinary 
bladder is still connected with the hindgut to form the cloaca. 
(d) Transverse section through the somite of an embryo at El0.5 and 
immunostained with an anti-p75 antibody. p75 positive cells are present in 
the mesenchyme near the dorsal aorta (DA) (arrows). The mesentery (M) of 
the hindgut is ventral to the dorsal aorta. 
(e) Transverse section through the somite of an embryo at E10.5 and 
immunostained with an anti-p75 antibody. Apart from the p75 positive cells 
in the mesenchyme near the dorsal aorta (DA) (yellow arrows), positive cells 
are also found in the medial pathway extending down from the region 
between the neural tube and somite (white arrows). The mesonephric ducts 
(MD) also appears to be p75 positive. 
(f) and (g) Transverse sections through the 29�卜(f) and 3(f (g) somite of an 
embryo at El0.5 and immunostained with an anti-p75 antibody. p75 positive 
cells are found in the pelvic mesenchyme between the cloaca and dorsal aorta 
(arrows). At this stage, the rectum and the bladder are not separated and in (f) 
and (g) only the cloaca is sectioned through. No p75 positive cells are 
observed in the cloaca. 
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Figure 2.16.a-g 
th 
p75 immunohistochemical staining of the cryosections through the 26 somite of Dil 
labelled embryos. These embryos were first labelled with Dil by injecting Dil into 
the lumen of the caudal part of the neural tube and then cultured from E9.5 to El 1.0. 
Many of the cells in the neural tube (NT) are Dil positive (Dil+, red fluorescent) (a 
and d). Some of Dil+ cells are located in the regions of dorsal root ganglia (DRQ 
structure along the medial pathway) (a, c, d, f and g) and around the dorsal aorta (DA) 
(a to f). Cells in the regions of dorsal root ganglia and around the dorsal aorta are 
also p75 positive (p75+, green fluorescent) (c，f and g) and most of them are positive 
to both Dil and p75 immunostaining (Dil+/p75+, yellow arrows in c, f and g). 
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Figure 2.17.a-i 
Cryosections (8^im) through the levels of the to 30(卜 somite of an embryo with 
Dil-labelled in the caudal part of the neural tube (NT) and cultured from E9.5 to 
Ell.O (a, d and g). Dil positive cells are present in the dorsal root ganglia (DRG) (a, 
c, i and g) and along the dorsolateral pathway under the surface ectoderm (arrows in 
d and f). Most of the Dil labelled cells are also p75 positive (c, f and i). 
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Figure 2.18 
Schematic representation of the pathways of the sacral NCCs at early migration stage 
(from E9.5 to El 1.0). The red dots represent sacral-derived cells. The arrows 
represent the migration direction of the sacral NCCs. At El 1.0, sacral NCCs are 
found to form the dorsal root ganglia (DRG) and in the mesenchyme region near the 
dorsal aorta (DA) between the levels of the to somite. At the levels of the 
29th to 30th somite, sacral NCCs are present in the mesenchymal region between the 
hindgut and the urinary bladder. At the levels caudal to the somite, most of 
sacral-derived cells are found in the DRG and only a very small number of sacral 
NCCs migrate more ventral than the neural tube. 
HG: hindgut; HL: hindlimb; NT: neural tube. 
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Figure 3.1.a-c 
Schematic representation of the preparation of the gut culture. After being put in the 
incubator (5% C02 at 37oC) for one day (a-b), half of the DMEM was removed and 
refresh culture medium was added into the dish (c). Each organ culture dish can 
support the growth of three hindguts. 
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Figure 3.2 
The figure illustrates the intestinal tract in the mouse embryo at early stage (E9.5). 
The hindgut is the posterior (caudal) part of the alimentary canal. In the human, it 
includes part of the transverse colon, the descending colon, the sigmoid colon and the 
rectum. In the mouse embryo, especially at early stage, the intestinal tract is a simple 
duct. In the present study, the part of the hindgut which is dissected out for organ 
culture extends from the midpoint between the cecum and the posterior (caudal) end 
of the gut (from the dotted line to the caudal end of the gut). The midgut is from the 
duodenum to the hindgut. A midsagittal cut illustrates that the midgut region is 
connected to the yolk sac by means of the vitelline duct or yolk stalk. 
(Diagram modified from Figure 8 on the website: 
http://www.med.unc.edu/embi-vo images/unit-digest/digest htms/) 
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Figure 3.3 
The figure illustrates the intestinal tract in the mouse embryo at E10.5. The midgut 
elongates rapidly and extends beyond the body wall in the umbilical cord. At this 
stage, the urinary bladder is continuous with the terminal hindgut in the cloacal 
region. (Diagram modified from Figure 20 on the website: 
http://www.nied.unc.edu/embrvo images/unit-digest/digest htms/) 
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Figure 3.4.a-f 
(a) Lateral view of an embryo isolated at El 0.5. 
(b) Ventral view of the caudal segment of the embryo which was transected from 
the level of the trunk, i.e. above the level of the hindlimb bud. The gut tube is 
outlined by the white dashed line. 
(c) Lateral view of the isolated caudal segment of the embryo shown in a. Somite 
numbers are marked. The yellow asterisk represents the position of the 
hindlimb bud, which has already been removed. 
(d) The isolated caudal segment shown in (c). was further dissected and the gut 
tube with mesenchymal tissue around dorsal aorta was isolated. The bladder 
is clearly seen connected with the terminal hindgut via the cloaca. 
(e) Transverse section through the somite of the embryo. 
(f) Higher magnification of the box in (e). The tail gut, which will regress later is 
still in connection with the cloaca (black arrow). 
DA: dorsal aorta; CC: cecum; HG: hindgut. 
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Figure 3.5.a-e 
(a) Lateral view of the isolated gut with the dorsal aorta at ElO.5. Positions of 
some somites are indicated by the numbers. The gut tube has become longer 
as compared with that in E9.5. 
(b) Transverse section through the somite, showing p75 immunoreactivity at 
E10.5. p75 positive cells, indicated by the arrows, are located in the pelvic 
mesenchyme near the dorsal aorta (DA) but are not found in the mesentery 
(M). 
(c) Transverse section through the 25^ ''' somite at the same stage. p75 positive 
cells (arrows) are also located near the dorsal aorta next to the mesonephric 
ducts (MD). 
(d) Transverse section through the somite showing p75 positive cells (arrows) 
scattered dorsoventrally in the mesenchyme between the dorsal aorta (DA) 
and the cloaca. 
(e) Transverse section through the somite level showing p75 positive cells 
(arrows) located in the similar regions (compared with d.) of the mesenchyme 
near the dorsal aorta (DA) and the cloaca. At this stage (E10.5), the rectum 
and the bladder have not been separated yet and only the cloaca can be 
observed. No p75 positive cells are observed in the cloaca. 
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Figure 3.6.a-d 
(a) Lateral view of the caudal part of an embryo at Ell.5. The positions of the 
somites are marked by the corresponding somite numbers. The location of the 
yellow asterisk represents the position of the hindlimb bud, which has been 
removed. 
(b) The caudal part of the embryo shown in (a) was further dissected and the 
midgut and hindgut with the regressing mesonephros and genital ridges were 
isolated. The gut becomes longer and convoluted at this stage. CC: cecum. 
(c) Transverse section through the somite at Ell .5 showing p75 
immunoreactivity. Positive cells (arrows) are present in the mesenchyme 
around the dorsal aorta and in the regions dorsal to the hindgut mesentery (M) 
and mesonephric ducts (MD). NT: neural tube. 
(d) Transverse section through the i f ^ somite at El 1.5 showing p75 positive 
cells (arrows) are present in the mesenchyme around the dorsal aorta and in 
the region dorsal to the hindgut (HG). NT: neural tube. 
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Figure 3.7.a-b 
(a) The figure illustrates the intestinal tract in the mouse embryo at El2.5. The 
hindgut gives rise to part of the transverse colon, the descending colon, 
sigmoid colon, the rectum and the upper part of the anal canal. (Diagram 
modified from Figure 35 on the website: 
http://www.med.imc.edu/embrvo images/unit-dii^est/digest htms/digesttoc) 
(b) At this stage, the urinary bladder is gradually separated from the terminal 
hindgut to become a single organ. The urinary and intestinal tracts are 
separated as the cloaca becomes partitioned by the urorectal septum, and the 
terminal hindgut becomes the rectum. (Diagram modified from Figure 36 on 
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Figure 3.8.a-h 
(a) Photomicrograph of the hindgut with genitourinary organs isolated from an 
embryo at E12.5. Somite levels are labelled on the left scale bar. The urinary 
bladder has already separated from the hindgut and forms an independent 
organ. 
(b) Transverse section through the 24^ '"' somite level at E12.5 showing p75 and 
SMA immunoreactivities. Boxes are magnified in (c) and (d). 
(c) Higher magnification of the upper right box in (b). At this axial level, p75 
positive cells (arrows) are located in the mesenchyme dorsal to the gut 
mesentery. 
(d) Higher magnification of the lower left box in (b). p75 positive cells (arrows) 
are found in the rostral hindgut (at the level of the somite). These positive 
cells are most probably vagal neural crest cells migrating rostrocaudally 
along the gut tube to reach this part of the hindgut. 
(e) Transverse section through the somite at E12.5 showing p75 positive 
cells (arrows) located more ventrally in the mesenchyme dorsal to the hindgut 
mesentery. No p75 positive cells are found in the hindgut at this axial level. 
(f) Transverse section through the 27出 somite at E12.5 showing p75 positive 
cells (arrows) in the pelvic mesenchyme ventral to the dorsal aorta and close, 
but not yet inside, the hindgut. The number of positive cells is also increased 
as compared with regions at the same axial level at El 1.5 (compared with Fig. 
3.5.d). 
(g) Transverse section through 29出 somite at E12.5 showing positive cells 
(arrows) in the pelvic mesenchyme dorsolateral to the urinary bladder but 
ventral the rectum. At the axial of the 28出 somite level, the mesentery of the 
hindgut becomes short and flattened out and caudal to the somite, no 
more mesentery can be observed in the hindgut. 
(h) Transverse section through the somite at E12.5 showing p75 positive 
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signals (arrows) in the mesenchyme around the rectum. However, some 
signals do not have a cellular morphology. 
NT: neural tube; HG: hindgut; M: mesentery; MD: mesonephric duct; SG: 
sympathetic ganglion; MD: mesonephric duct; DA: dorsal aorta 
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Figure 3.9.a-g 
Transverse sections through the 26出(a, b), 28出(c, d) and 29出(e, f) somites at E13.5 
either stained with haematoxylin-eosin (a, c, e) or the anti-p75 (b, c and f) and 
anti-SMA antibodies (b, d). Only the inner muscle layer (circular muscle layer) 
shows weak SMA signals (green fluorescent signals in b, d). In the middle of the 
hindgut (i.e. at the level of the somite), p75 positive cells (arrows) are found in 
the hindgut mesenchyme on the outer surface of the SMA positive muscle layer (b) 
(dotted line outlines the outer margin of the hindgut). These positive cells are the 
vagal neural crest cells migrating rostrocaudally to reach this part of the hindgut. No 
p75 positive cells are found present in the hindgut at and below the level of the 
somite at this stage, and p75 positive cells are observed only in the pelvic 
mesenchyme near the hindgut (arrows in d, f). 
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Figure 3.10.a-d 
Longitudinal sections of the hindgut with the adjacent mesentery tissue at El3.5, 
stained with p75 and SMA immunostaining. (b) and (d) are higher magnification of 
the boxes in (a) and (c) respectively. Only the inner muscle layer (circular muscle 
layer) is SMA positive (b, d). No p75 positive cells are present within the muscle 
layers. They are located in the mesentery outside the hindgut (yellow arrows in b and 
d). 
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Figure 3.11.a-f 
(a) Transverse section through the rectum (at the level of the somite) at 
E13.5, stained with SMA immunostaining. The muscle layer shows weak 
SMA positive signals (green fluorescent), and it is difficult to distinguish the 
longitudinal and the circular muscle layers. 
(b) Same transverse section stained with p75 immunostaining. No p75 positive 
cells are found in the submucosal plexus (SP). p75 positive cells are observed 
in the mesenchymal tissue outside the rectum only (arrow). 
(c) Merging of (a) and (b). 
(d) Higher magnification of the box in (b). p75 positive cells are observed in the 
mesenchymal tissue outside the rectum only (arrow). 
(e) Transverse section through the anus (through the caudal end of the hindgut) at 
El3.5 stained with SMA immunostaining. No SMA positive signals are 
found. 
(f) Same transverse section stained with p75 immunostaining. No p75 signals are 
observed inside the gut. p75 positive cells (arrow) can only be found in the 
mesenchyme near the anus. 
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Figure 3.12.a-h 
(a) Photomicrograph of the hindgut with genitourinary organs isolated from an 
embryos at El4.5. 
(b) to (e) Transverse sections through the 24th，25th，and somites at E14.5 
stained with haematoxylin and eosin, showing the structure of the caudal part 
(from the somite level to the caudal end of the embryo). The mesentery 
becomes shorter in caudal regions and at or caudal to the level of the 
somite, no more mesentery can be observed and the rectum and the bladder 
are very close. 
(f) to (h) Higher magnification of the boxes in (d) and (e). Immunohistochemical 
staining shows that both of two muscle layers (longitudinal and circular 
muscle layers, blue arrows in f and g) of the terminal hindgut and the rectum 
are SMA positive. p75 positive cells (red fluorescent cells) are located 
between these two muscle layers (green fluorescent layers). Many of p75 
positive cells are also found surrounding the bladder (yellow arrows in h). 
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Figure 3.13.a-e 
(a) Ventral view of a segment of the hindgut (HG) with the adjacent 
mesenchymal tissue, which is dissected from the caudal part of an embryo at 
Ell .5 as is previously illustrated in Fig. 3.5.a. A small volume of Dil was 
microinjected by using an injection pipette into the mesenchymal tissue. The 
injected area appears red in the figure. 
(b) Lateral view of the same segment of the hindgut (HG) shown in (a). A small 
area of the adjacent mesenchyme is labelled with Dil (red area). 
(c) Lateral view of a segment of the hindgut without any mesenchymal tissue at 
E11.5. 
(d) Photomicrographs of the hindgut with the adjacent mesenchymal tissue 
following in vitro culture from Ell.5 to E14.5. The length of the hindgut 
becomes longer, and the pelvic mesenchymal (PM) tissue becomes rounded 
up. 
(e) Photomicrographs of the hindgut without pelvic mesenchyme following in 
vitro culture from Ell .5 to E14.5. The hindgut grows longer than before. 
- 1 6 6 -
Figure 2.10.a-b 
Hindgut with adjacent pelvic mesenchymal tissue H^ijdgut without 
adjacent tissues 國 
after 3 days culture after 3 days culture 
V V 
> 
Figures and Legends 
« 
Figure 3.14.a-c 
Transverse section of the hindgut without pelvic mesenchyme cultured from El 1.5 to 
E14.5 and stained with p75 (a) and SMA (b). No p75 (a) positive cells (should be red 
fluorescent) are present in the hindgut, while the inner muscle layer shows SMA 
I 
( 
positive, (c) is the merge figure of (a) and (b). 
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Figure 3.15.a-f 
Transverse sections of the hindgut with adjacent pelvic mesenchymal (PM) tissue 
following organ culture from Ell .5 to E14.25. The sections were stained with the 
anti-p75 (a, d) and anti-SMA (b, e) antibodies. Micrographs of (a) and (b) merge to 
form (c), and micrographs of (d) and (e) merge to form (f). p75 positive cells are 
found migrating from the pelvic mesenchyme towards the hindgut mesenchyme 
(yellow arrows in a and d). At this stage, part of the circular muscle layer shows 
SMA positive (yellow arrows in b and e) and very few p75 positive cells manage to 
reach the outer periphery of the circular muscle layer (white arrows in d and f). The 
longitudinal muscle layer is still SMA negative (in f, no SMA positive signals are 
observed in the region more superficial than the p75 positive cells). Many p75 
positive cells gather together near the boundary between the hindgut and the pelvic 
mesenchyme (yellow arrows in a and d), giving the impression that they are ready to 
enter the hindgut. While in the boundary, very weak SMA positive signals are found 
(blue arrows in b, c, e and f). 
- 1 6 6 -
Figure 2.10.a-b 
Figures and Legends 
Figure 3.16.a-h 
Transverse sections of the hindgut (HG) with adjacent pelvic mesenchymal (PM) 
tissue cultured for 3 days in vitro from Ell.5 to E14.5. p75 immunoreactivity is 
shown in (a), (e) and SMA immunoreactivity in (b) and (f). Merging of (a) and (b) 
forms (c) and merging of (e) and (f) forms (g). The inner muscle layer, i.e. the 
circular muscle layer, expresses SMA (yellow arrows in b and f). Many p75 positive 
cells (red fluorescent cells, yellow arrows in a, c, e and g) are found located on the 
external surface of the circular muscle (green fluorescent in c and g). In addition, 
some p75 positive cells are also found along a pathway under the serosa to enter the 
hindgut (white arrows in a and e), possibly moving toward the direction of the 
myenteric plexus (region on the outer surface of the SMA positive circular muscle). 
In the anterior part of the hindgut (aHG) which grew out from the explant during 
culture, p75 positive cells are found randomly located in the gut mesenchyme (blue 
arrows in e) where the two muscle layers have not yet expressed the SMA (f, g). 
Haematoxylin staining of the sections (d and h) shows that the epithelia (ep) grows 
normally and no dead cells are found in the sections. 
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Figure 3.17.a-e 
Transverse sections of the hindgut with mesenchymal tissue cultured in vitro for 3 
days from Ell .5 to E14.5. At this stage, the inner muscle layer is SMApositive (blue 
arrows in b). Many p75 positive cells are seen in the tissue periphery to the hindgut 
(white arrows in a and d). Some p75 positive cells are seen located on the outer 
surface of the inner circular muscle (a and c). Some other p75 positive cells seem to 
extend from the outer surface of the circular muscle to its inner surface to form the 
submucosal plexus (SP) (yellow arrows in d and e). 
ep: epithelia; cl: circular muscle layer. 
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Figure 3.18.a-h 
Transverse sections of the anterior part of the hindgut with adjacent pelvic 
mesenchymal tissue cultured for 4 days in vitro from Ell.5 to E15.5. Figure (c) and 
(g) are the merge images of (a) and (b) and (e) and (f) respectively. The circular 
muscle layer is SMA positive (blue arrows in b and f). Following the culture of the 
hindgut (HG), p75 positive cells gather together on the outer surface of the circular 
muscle to form the myenteric plexus (yellow arrows in a and e). Some p75 positive 
cells are distributed randomly in the gut mesenchyme (yellow asterisks in a and e) 
which is SMA negative. Haemotoxylin staining of the sections (d and h) shows no 
dead cells in the hindgut and the epithelia (ep) grows normally. 
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Figure 3.19.a-c 
Longitudinal section of the hindgut (HG) region of the whole gut tube which has 
been cultured without pelvic mesenchymal tissue for 4 days from Ell .5 to E15.5. 
Note that p75 positive cells between the two muscle layers can be clearly observed to 
form a layer (a, c), implicating these p75 positive cells are most probably vagal 
neural crest cells. The circular muscle layer is SMA positive (b) while the 
longitudinal muscle layer is SMA negative. 
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Figure 3.20.a-e 
Longitudinal section of the hindgut (HG) region with pelvic mesenchymal (PM) 
tissue cultured for 4 days from Ell .5 to El5.5. This hindgut region was taken from 
the organ culture in which the whole length of the gut (from the foregut to hindgut, 
with pelvic mesenchyme attached to the hindgut region) was cultured. Micrograph (c) 
is a merged image of (a) and (b) while (d) is the higher magnification of the box in 
(c). A p75 positive pathway from the pelvic mesenchymal tissue to the hindgut is 
clearly seen (yellow arrows in a). Some p75 positive cells form another layer 
between the circular (CM) and longitudinal muscle (LM) layers (yellow asterisks in 
d). A combined micrograph of haemotoxylin staining and p75 and SMA 
immunostaining is shown in (d). A clear pathway of p75 positive cells from the 
pelvic mesenchyme to the hindgut (yellow asterisks) is observed under the serosa 
(white arrows). 
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Figure 3.21 .a-c 
(a) A whole mount preparation of the hindgut with pelvic mesenchymal (PM) 
tissue following Dil labelling and organ culture from Ell.5 to E14.0. Under a 
confocal microscope, Dil-labelled cells (yellow arrows) are found in the 
pelvic mesenchyme and on the outer surface of the hindgut. Transverse 
sections (b) and (c) (see below) show that these Dil positive cells do not enter 
the hindgut at this stage. They just scatter along the pelvic mesenchyme close 
to the hindgut. 
(b) Transverse section through the white dashed line shows that Dil labelled cells 
gather together at the periphery of the hindgut and at the boundary between 
the hindgut and pelvic mesenchym but they have not yet not entered the gut 
mesenchyme (yellow arrow). 
(c) p75 immunohistochemical staining shows that the locations of the p75 
positive cells (yellow arrow in c) are similar to those of the Dil labelled cells 
(yellow arrow in b). 
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Figure 3.22.a-f 
Cryosections of the hindgut (HG) with pelvic mesenchyme (PM) following organ 
culture from Ell .5 to E14.25. The pelvic mesenchyme has been labelled with Dil 
before culture and sections are shown in a, c and e. The same sections were stained 
with the anti-p75 (b, d and f) or anti-SMA (f) antibodies. Many Dil and p75 labelled 
cells are present in the pelvic mesenchyme near the hindgut (yellow arrows). p75 
immunohistochemical staining demonstrates that the locations of the Dil labelled 
cells within the hindgut are similar to those of p75 positive cells (blue arrows). 
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Figure 3.23.a-d 
(a) A whole mount preparation of the hindgut (HG) with pelvic mesenchyme 
(PM) labelled with Dil and cultured from Ell.5 to E14.5. Under a confocal 
microscope, some Dil positive cells are seen going from the pelvic 
mesenchyme to the hindgut (HG) (yellow arrows). 
(b) Transverse section through the hindgut shows that some Dil labelled cells are 
present in the hindgut mesenchyme, but have not yet formed a layer (yellow 
arrow). 
(c) The same section stained with p75 immunostaining. Note that p75 positive 
cells are found in the locations where Dil labelled cells are also present 
(compared with b). 
(d) Merged image of b and c (Dil red signals were changed to green using 
photoshop 7.0 software). Adjacent section also shows that p75 positive cells 
are also Dil positive although Dil is mainly located in the cell membrane, 
while p75 is inside the cytoplasm. It appears that these p75 positive cells are 
also Dil positive. 
MP: myenteric plexus; SP: submucosal plexus. 
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Figure 3.24.a-c 
Longitudinal section of the hindgut (HG) region with Dil labelling in the adjacent 
pelvic mesenchyme (PM) following organ culture from Ell.5 to E14.5. The hindgut 
region was taken from the organ culture in which the whole length of the gut (from 
the foregut to hindgut, with mesenchymal tissue attached to the hindgut region) was 
cultured for 3 days. Dil labelled cells are found migrating along the serosa (yellow 
arrows in a). p75 immunostaining shows that p75 positive cells are also located in the 
serosa (yellow arrows in b). Double staining of p75 and Dil shows that these Dil 
positive cells distributed along the serosa are also p75 positive (c, green signals are 
Dil positive cells; red signals are p75 positive cells; doubly labelled cells are yellow). 
Another group of p75 positive cells are observed to form a layer within the gut 
mesenchyme in the region where the myenteric plexus (MP) is likely to form (yellow 
asterisks in c). 
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Figure 4.1.a-c 
(a) Lateral view of the caudal part of the embryo which has been labelled with 
Dil in the neural tube and cultured from E9.5 to Ell.O. Streams of 
Dil-labelled cells (arrows) are observed extending dorsoventrally from the 
labelled neural tube (NT) towards the region of the hindgut. No Dil signals 
are observed within the hindgut. 
(b) Photomicrograph taken under a light microscope showing the hindgut (HG) 
explant with the adjacent mesenchymal tissue around the dorsal aorta (DA). 
The whole explant was isolated from the embryo which has been labelled 
with Dil and cultured from E9.5 to Ell.O, and the explant is the region 
between the two dashed lines shown in (a). The regions marked with red 
pentacles are similar to the regions showing Dil-labelled cells under an 
epifluorescence microscope as shown in c. 
(c) The explant taken from an embryo with Dil labelling in the neural tube at the 
level of the sacral region and cultured from E9.5 to Ell.O under an 
epifluorescence microscope. Dil-labelled cells are present in the pelvic 
mesenchymal (PM) tissue (arrows). The locations of the Dil-labelled cells are 
also marked with red pentacles in b. 
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Figure 4.2.a-d 
Comparison of the section through the hindgut of a Dil-labelled embryo with the 
hindgut section through the same axial level (the 29出 somite) of the embryo at the 
same stage but stained with p75 immunostaining. 
(a) Same explant shown in Figure 4.1.C, and the dashed line indicates the axial 
level (the somite) through which the section shown in (b) was taken. 
(b) Section through the level indicated by the dash line in (a) showing 
Dil-labelled cells (arrows) in regions dorsolateral to the cloaca. 
(c) Hindgut explant isolated from an embryo which has not been Dil-labelled and 
cultured but was directly isolated from a pregnant mouse at the same stage as 
the cultured embryo shown in (a). The dashed line indicates the level (the 
somite level) through which the section shown in d was taken. This level is 
the same as the level shown in (a). The region marked with a red pentacle is 
the p75 positive region as shown in (d). 
(d) Section through the somite level indicated by the dashed line in (c) 
showing p75 postive cells (arrows) in regions around the dorsal aorta (DA) 
and dorsolateral to the cloaca after p75 immunostaining. Note the locations of 
the p75 positive cells are very similar to the locations of the Dil-labelled cells 
shown in (b). 







Figures and Legends 
Figure 4.3.a-b 
Photomicrographs of the whole mount preparation of the hindgut 3.5 days following 
in vitro organ culture. The hindguts before culture were dissected from the embryos 
which have been labelled with Dil at E9.5 and cultured in the whole embryo culture 
for 1.5 days to Ell.O. Note that the Dil-labelled cells (arrows) are distributed along a 
pathway extending from the adjacent pelvic mesenchymal (PM) tissue into the 
hindgut (HG) as shown in both (a) and (b). The endodermal epithelium (ep) and the 
muscle layers (MS) are discernible in the hindgut. 
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Figure 2.10.a-b 
y 
Figures and Legends 
Figure 4.4.a-e 
(a) The same photomicrograph as shown in Figure 4.3.b showing the different 
axial levels (dashed lines) through which the sections shown in (b), (c), (d) 
and (f) were taken. 
(b) Section through the white dashed line b shown in (a). Dil-labelled cells 
(asterisks) are observed in the adjacent pelvic mesenchymal tissue (PM) and 
along a pathway in the serosa extending into the hindgut. Some Dil-labelled 
cells (yellow arrows) are found inside the gut mesenchyme (Mes). The inner 
layer of the gut is the endodermal epithelium (ep). 
(c) Section through the white dashed c shown in (a). Dil-labelled cells (yellow 
arrows) are present within the gut mesenchyme (Mes). Very few Dil-labelled 
cells (blue arrow) are also present in the submucosal layer. The inner 
epithelium (ep) is well developed. 
(d) Section through the white dashed line d shown in (a). Some Dil-labelled cells 
(asterisks) are still located in the adjacent pelvic mesenchyme (PM) and some 
are found in the gut mesenchyme (yellow arrow). 
(e) Section through the white dashed line e shown in (a). Dil-labelled cells 
(yellow arrows) are seen within the gut mesenchyme but not the adjacent 
pelvic mesenchyme (PM). No labelled cells are found in the epithelium (ep). 




Figures and Legends 
Figure 4.5.a-b 
(a) A whole mount preparation of the hindgut which was isolated from the 
embryos with Dil labelling in the pelvic mesenchyme (PM) and cultured in 
organ culture from Ell.O to E14.5. Dil-labelled cells (arrows) are scattered in 
the pelvic mesenchyme and spreading into hindgut (HG). 
(b) Longitudinal section of the hindgut shown in (a). Dil-labelled cells (arrows) 
are observed in the adjacent pelvic mesenchyme (PM) and inside the hindgut 
(HG). The inner layer is the endodermal epithelium (ep). 
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Figure 2.10.a-b 
Tables and Graphs 
t 
Table 2.1 
Morphological Score = 0 Score = 1 Score = 2 Score = 3 Score = 4 Score = 5 
features * 
Yolk s a c Viteline vessels Full yolk sac plexus Yolk stalk 
A c i r cu la t ion with few yolk of vessels obliterated,viteline 
sac vessels artery and vein well 
separated 
B A I I a n t o i s Allantois fused Umbilical Separate aortic 
with chorion vessels origins of umbilical 
and viteline vessels 
Q F lex ion Turning Dorsally Dorsally convex 
convex with spiral torsion 
D Hear t Convoluted Bulbs cordis， Dividing artrium 
cardiac tube artrium commune commune 
and ventriculus 
communis 
^ C a u d a l neu ra l Neural folds Posterior neuropore Posterior neuropore 
仁 t u b e fused at level of formed, but open closed 
somites 4/5 
Hindbra in Fusing folds Completely fused Pronounced pontine 
p flexure with 
transparent roof of 
4U1 ventricle 
^ Midbra in Fusing folds Completely fused Visible division 
^ between 
mesencephalon 
H F o r e b r a i n Completely Visible Well elevated 
fused telencephalic telencephalic 
prosencephaion evaginations hemispheres 
Ot ic s y s t e m Oticpit otocyst Otocyst with dorsal Otocyst 
J recess with 
endolyniph 
atic duct 
K O p t i c s y s t e m Elongate optic Primary optic Indented lens plate Lens 
primordium vesicle with open pocket or 
optic stalk lens vesicle 
O l f a c t o r y No sign of Olfactory plate Olfactory plate Distinct olfactory Lateral nasal 
L s y s t e m olfactory with rim ridges process and medial 
development rim 
Hfl B r a n c h i a l b a r s 1 visible 1 and 2 visible 1，2 and 3 visible 2 overgrowing and 
obscuring 3 
Maxil lary No visible Maxillary process Maxillary 
N p r o c e s s separation of Demarcated process 
maxilla and visible cleft Fused with 
bar 1 anterior to bar I nasal process 
M a n d i b u l a r Medial edges First branchial 
P p r o c e s s of bar 1 less bars fused and 
than 5%fused forming 
mandiular process 
F o r e l i m b ” Nosign of Distinct Forelimb bud Paddle shaped Distinct apical ridge 
Q * forelimb evagination of forelimb bud on forelimb bud 
development crest at level of 
somites 26-30 
_ Hind l imb Nosign of Distinct Hindlimb bud Paddle shaped 
K 丨lindlimb evagination of hindlimb bud 
development crest at level of 
somites 26-30 
S Somites 0-6 7-13 14-20 21-27 28-34 3541 
* The alphabets that are used in this column will be referred in Graph 2.1 and 2.2. 
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Table 2.1 
Embryos analysed with cell labelling and whole embryo culture 
Duration Number Number of Number Number Number of 
of culture of embryos of embryos embryos 
embryos showing embryos showing with Dil 
injected labelled showing labelled cells labelling in 
Marker cells in the labelled between the blood 
regions cells in surface vessels 
near the the dorsal ectoderm 
dorsal root and the 
aorta ganglia somite 
WGA- E9.5 to 50 40 46 4 4 (8%) 
Au E10.5 
Dil E9.5 to 15 12 14 10 1 (7%) 
Ell.O 
> 
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Table 2.1 
Hindguts with or without adjacent pelvic mesenchyme 
after in vitro culture 
Culture Explant Sample Number of Number of Number of 
period number explants explants explants 
showing Dil without Dil with Dil 
positive cells positive mistakenly 
in the cells in the injected 
hindgut hindgut into blood 
vessels 
El 1.5 to Hindgut 8 0 8 0 
El4.5 without pelvic 
mesenchyme 
Hindgut with 20 14 3 3 
pelvic 
mesenchyme 
E11.5 to Hindgut 4 0 4 0 
El5.5 without pelvic 
mesenchyme 
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Table 2.1 
Numbers of hindgut explants in the tracing experiments using a 
combined method of Dil labelling, whole embryo culture and gut 
organ culture 
Number of Number of Number of hindgut Number of hindgut 
embryos hindguts with the explants developed explants with Dil-
labelled with adjacent pelvic normally after 3.5 labelled cells within 
Dil and then tissue dissected days in vitro the hindgut 
cultured with from the labelled culture 
whole embryo embryos for gut 
culture organ culture 
50 40 32 20 
> 
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Graph 
Graph 2.1 
The blue, yellow and red columns represent the morphological score of each feature 
of embryos at E9.5, ElO.O and E10.5. The morphological features that the alphabets 
A to H, J to N and P to S represent are indicated in Table 2.1. The scores for embryos 
at El0.5 are mostly higher than those at E9.5 and ElO.O, indicating that the embryos 
at E10.5 develop more mature and complex than that at ElO.O and E9.5. 
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Graph 2.1 
Morphological scores of the mouse embryos at different stages 
score 
i i i i i i y 





(a) The blue and red columns represent the score of each morphological feature of 
the embryos cultured with the yolk sac closed and yolk sac opened respectively. 
The morphological features that the alphabets A to H, J to N and P to S represent 
are indicated in Table 2.2. Except B, E, J and R, the morphological scores of the 
group with yolk sac closed are higher than the group with yolk sac opened. The 
comparison of the two groups demonstrates that the group with yolk sac closed 
grows better than that of the group with yolk sac opened. 
(b) The blue and red columns in the left graph represent the score of each 
morphological feature of the embryos cultured with yolk sac closed and the 
embryos developed in vivo at El0.5. All, except D, of the scores do not show 
statistical difference to those of the embryos developed in vivo. The total 
morphological score of the embryos cultured with closed yolk sac is 55.76 which 
is statistically similar to the score (57.63) of the embryos developed in vivo (see 
the right graph). These demonstrate that the culture system can support the 
normal development of the embryos from E9.5 to E10.5. 
(* p<0.05, t-test was used) 
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Graph 2.2.a-b 
Comparison of the embryos in the closed yolk sac 
culture and opened yolk sac culture 
score 
6 — — 
5 r p i ^ 
I 
J 
^ f^TM — f r , 
3 _ t — fr r — I • with yolk sac closed 
T-T I • with yolk sac opened 
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Morphological Features 
a 
Comparison of the embryos in closed yolk sac culture 
with the embryos developed in vivo at E10.5 
score . total score 
6 「 — 61 
5 J- -- ffl 
59 ； 
4 --I- .- -T.-.T"B——T""T T二 - 一 Y"‘ -p I I 
* I f r T i J • with yolk sac $ ~ ~ I 
3 I - ' - - - - - - 卞 一 … 一 — closed „ 
2 ——一一-—、-—一…- T j •embryo at « ~ ~ — ^ H | 
— — I t : 
0丨I•丨丨•丨丨•丨丨•丨I•丨丨•丨丨•il_il•丨丨•丨丨•丨丨^il^i國|囲|國iPBi ^ 





Preparation of Dulbecco's Phosphate Buffered Saline (PBl) 
Composition 
Component Quantity (g/L) 
PBS (Cat no. 21600) 
1 Jr 3.CK 
MgCl2(anhydmte) or MgCh.GHzO (M.W. 0.047 
203.30) 
Phenol Red 0..005 
D-Glucose 1.00 
Sodium Pyruvate 0.036 
BSA 4.00 
CaCl2 0.10 
1. Dissolve above chemicals with 600 ml double distilled water. 
2. Add NaOH drop by drop until it reached pH 7.2-7.4 (pH 7.3) 
3. Put the solution to 1L volumetric flask and add double distilled water to 1L 
4. Filter the solution by pump (0.22 )im filter membrane) and filter set immediately 
to avoid pH changes. 
5. The sterilized solution was stored at 4°C. 
* 
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Appendix 
Appendix A 
Preparation of paraformaldehyde fixative 
1. 4g paraformaldehyde was added to 100ml PBS. 
2. The solution was heated up to about 60°C with constant stirring 
3. When the solution turned clear, it was then stored in 4°C. 
4. The solution was used within 2 weeks. 
Appendix C 
Bench-Used IPX PBS (For immunohistochemical staining) 





1. All above chemicals were added to 800ml double distilled water. 
2. The solution was made up to IL and autoclaved for sterilization. 
3. The solution was stored at 4°C. 
4. IX PBS was used for the inmmunohistochemical staining by dilution in distilled 
> 
water. 
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Appendix 
Appendix A 
Preparation of chemically defined culture medium 
Composition 









1. All above chemicals were added to 800ml double distilled water. 
2. The pH of the solution was adjusted to 7.2 and then made up to 1L. 
3. The osmolality of the solution was measured by a vapour pressure osmometer 
(Wescor, 5500) and the osmolarity was around 270mmol/kg. 
4. The solution was sterilized by filtering through a 0.22nm filter membrane. 
5. The sterilized solution was stored at 
> 
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Appendix 
Appendix A 
Preparation of Carnoy fixative 
Component Volume (%) 
Absolute alcohol 60 
Chloroform 30 
Glacial Acetic Acid 10 
Appendix F 
Preparation of Diilbecco，s Phosphate Buffered Saline (D-PBS) (GIBCO, 21600) 
for tissue culture 
1. One packet of PBS powder was dissolved in 800ml double distilled water. 
2. The solution was made up to IL and autoclaved for sterilization. 
3. The solution was stored at 4°C. 
Appendix G 
Preparation of Dispase 
1. The stock (lOOX) was 5% dispase. 0.5g was diluted in 10ml distilled water. 
2. Filtered with 0.22^m filter. 
3. Working concentration was 5|il (stock) diluted in 495|il sterile PBS 
4. Warmed to 37®C before use. 
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